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D. Swaa.presntedan. Outline of the course ws, 6 //.

D. taatprsenedanIninti~9 on to algorithm and data structures of general interest

T. Ottmann introduced the field ofAcomputational geometry;wIth a talk on geometric algorithms in the
plane. He demonstrated geometrical divide-and-conquer -n the problem of reporting Intersecting
linesegments. Then he discussed sweep line algorithms r the same problems, Introducing the use of
skeleton structr and explorlng minimization of space requirements. The usage of plane sweep
to report Intersecting Iso-oriented Ito the introduction of segment trees, interval trees and
priority search on of a graph was demonstraW on the problem of polygon
Intersection. Fn:y, a hidden line detection algorithm was presented.

2)
J. Hoperofi discussed eometical problems related to roboties After giving an overview of the field, his
talks centered on the trvo problems of automated generation of ending surfaces and on motion planning.

P. Widmayer discussedheuristics for finding approximations for Steiner minimum trees' The exact
solution of this prot } U kn.gwn to be np-complete. J

K. inricha describedithe grid file as a data structure suited fbr geometrical computation, and presented
experiernce Wth the Implementation.

A. Meter explalned different schemes for representing three-dimensional object% Futhermore he
discussed how the Relational Data Base model could be used to store geometric objects. He pointed out
some of the problems of this approach and indicated possible extensions of the model to make it
suitable for computational geometry.

'.
F. Lucclo discussed visibility problems that occur In VLSI design He showed the equivalence of a

., visibility problem with a planar graph and hence the applicabili of graph theory. He also briefly
explained the view of a program as a decision tree.

;' " 7).
F. Preparata in his overview of geometric algorithms introduced A gortthms for point location, convex hull
and the maxima of a set of vectors In two and three dimensions. The time complexity of these algorithms
was discussed. Algorithms for constructing Voronol dlagranrGm were Introduced to solve proxirnity

A problems and the use of plane sweep algorithms for solving planar Itmpection problems was shown.

Additional contributions c,me from J Sack and Th. Strothotte who presented a recent result onImerglng
* heaps and ioutsome unsolved problems. -

Further information on the talks can be found In the enclosed papers handed out by J. Hopcrojf K.
Hlnrichs A. Meter and F. Lucclo.

* Zurich, July 26, 1985 Prof. J. Nievergelt r
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1-33100 UDINE (Italy). Palazzo del Torso, Piazza Garibaldi, 18
Tel. (04323 294989-22523

Course on

ALGORITHMS AND DATA STRUCTURES FOR GEOMETRIC COMPUTATION

Udine, July 8-12, 1985

TIME TABLE

SMonday 9. 00 - 10. 30 Registration

10. 30 - 12. 30 D. Stanat: Introduction to Algorithms and

Data Structures, I

14. 30 - 16. 30 D. Stanat: Introduction to Algorithms and

Data Structures, II;

Tuesday: 9. 00 - 11. 00 T. Ottmann: Geometric Algorithms in the
Plane, I;

11. 30 - 12. 30 F. Luccio: Visibility Problems, I;

14. 30 - 16. 30 J. Hopcroft: Robotics Algorithms, I;

Wednesday: 9.00 - 11. 00 T. Ottrnann: Geometric Algorithms in the

Plane, II;

11. 30 - 12. 30 K. Hinrichs: Data Structures for

Geometric Computation;

14. 30 - 16. 30 J. Hopcroft: Robotics Algorithms, II;

Thursday: 9. 00 - 11.00 A. Meier: Data Bases for Geometric Objects;

11. 30 - 12. 30 F. Luccio: Visibility Problems, II;

14. 30 - 16. 30 F. Preparata: Overview on Geometric

Algorithms, I;

Friday: 9.00 - 11.00 F. Preparata: Overview on Geometric
Algorithms, II;

, 11. 30 - 12. 30 Discussions.

Possible contributed talks will be delivered at the end of the

afternoon sessions.
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tract for talks at CISM

Introduction to Algorithms and Data Structures

Donald F. Stanat
The University of North Carolina at Chapel Hill

Chapel Hill, North Carolina, USA

se talks will provide a fast-paced introduction to the field of
orithms and data structures. We will begin with a description of
basic abstract data structures: arrays, lists, trees and graphs,
ether with implementations of the structures. We will include
sures of cost, both in time and space, of various operations on
se structures for each of the implementations. Finally, we will
cuss some selected advanced data structures, including hash tables,
ps and a number of different kinds of balanced trees.

we will survey some general algorithm types, including greedy
orithms, divide and conquer, and exhaustive search, including some
the ways of making exhaustive search feasible: backtracking, branch
bound, and dynamic programming.

ally we will describe the cost of solving really hard problems and
roduce the notion of NP (Nondeterministic Polynomial) difficulty.
time permits, we'll also talk about approximation algorithms for
blems whose exact solutions have NP cost; these approximations
orithms provide a means of getting a non-optimal solution at
erate cost for a problem whose optimal solution is too expensive.

...........................................................

. . . . . . . .. . . . . . . . . . . . .
. . . . . . .. . . . . . .... .
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Storage and access structures for geometric data bases

J. NlevergtIt and L Hnrichi
Infornazt2, ETH, C-8092 ZUric"

Abstract

Geometric computation and data bases two hitherto unrelated computing technologiem, have begun to
ir'fluence each other in response to the growing use of graphlcs and computer-alded design. CAD Imposes
a rew challenge to data base lmplemenLtrs. A data base system for CAD must manage "in designer real
time" large col'ections not of point but of xpoa objects In such a way that proximity queries (such as
Intersection, contact, minimal tolerances) are answered efficiently. There are many techniques for reducing
the problem of storing spatial objects to storing (sets of) points. Common to all of them Is the problem
that simple queries on object" turn into complex queries on points - much more complex than orthogonal
range queries.

We describe in detail a technique which Is particularly suitable for storing geometric objects built up from
simp!e plmtlvem. as they commonly occur in CAD. Proximity queries are handled efficiently as part of
tle accesirg merhanism to disk. This techrdque is based on a tronsfoniat on of x.1a1 objects Into poInt
In hig,.er-dLr.er:cr.r pecrnerer space, and on the data structure grid fil that answers rtgion queries of
ccmplex shape eflIciently. The grid ile is desigred to store higly dynamic sets of multl -dimensional data
in such a wiy that common queries are answered using few disk accesses: a point query requires two disk

azc,'~.aes, a region q-uery requires at most two disk accesses per data bucket retrieved. We describe a
:tw ,e ra. to Uhat implements the grid file and some of its applications.

Contents

I Geomnetric co-m,,utation and data bases
1.' Three generaticns of computing applications
1.2 Com-..putato-al gormetry - theory and practice
1.3 The ronvent'cna, data base approach to "non-standard" data
1.4 G -ometric modelirZ separated from storage considerations

2 An i-ppoach to combined geometric modeling and storing:

Appro ximatcri trar.sforTnaticn to parameter space, grid file
2.1 Tranformatuon to pa-arneter space
2.2 roec on queries lead to cone-shaped search reglons
2-3 E-'2ualng reg:oi queries with a grid file
2.4 The grid fi!,e scftw-e package
,.5 C-;r studes ofappilcations

I Geometric computation and data bases

Ge-r,etic rmp.tatJon and data ba.es, two hitherto unrelated computing tcchno!cges, have begun to
I'r 1uence e.,h ether in respcr:,e to the growing use of graphlcs and computcr-aided de-sIgn (CAD). We
recal1 the r cri'rs. goal., typical techniques and explain the dIficulties e.tch of them hau In handling the
r-*- remenr' o t uf'e 0Lr '.

1.1 Thrce gcnerations of computing applications

Th. t',-pes of ccmp-t-r applications dcmirant at different times may be cassifled Into three generations
a-cordirg to their Influence on the development ofcomputing.

Pr'wcedini! ofthe 1nternationo; ( nnf.rrnrp Nay 2 -21. . Kvotn, Japan
on Foundations of D)ata Organizatmn

% - ,
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- USING A RELATIONAL DBMS FOR SOLID MODELING

Traditionally, engineering and design data has been handled by ad-hoc or simple file
ystems with the inherent disadvantages of high redundancy and poor or non-existent data
ndependence. In other words, the way the data is physically organized within the file must
)e known to the programs that access the data: Any change in the data organization requires
:hanging the programs and vice-versa. When the number of files increases, the consistent
reatment of data becomes a problem in itself. It is not surprising therefore that today's
levelopers of CAD systems begin to realize the importance of independent data
)rganization [Ullman 1982]. They start experiments with databases although engineering
ipplications exhibit characteristics which impose specific requirements on existing DBMS.
:n this section, we discuss how solids either by the CSG- or BR-approach may be stored in a
-elational database and list the main advantages and disadvantages.

Z.1. Constructive Solid Geometry

Although none of the existing solid representation schemes is suitable for all applications,
the CSG-scheme provides a concise way to store a volumetric object Halfspaces may be
used as primitives at the lowest level. However, the resulting object representations are not
necesarily regular sets [Requicha 19801 because of the unboundedness of primitive
half paces. Instead, cubes, cones, cylinders etc. are usually used as primitives. A 3D object
can then be descrbed with the following grammar:

<OBJECT> <:= (PRIMITIVE> I
<OBJECT> (MOTION> ARGUMENT I
<OBJECT> <OPERATION) <OBJECT>

<PRIMITIVE> -'= CUBE I CYLINDER I CONE I SPHERE I ...
<MOTION> ":= TRANSLATE I ROTATE I SCALE
<OPERATION) "'= UNION I INTERSECTION I DIFFERENCE

The semantics of a CSG-representation is clear: Each subtree represents a solid, i.e. a
regular set, resulting from the combinatorial or motion operators to the subparts. The
dynamic behavior of the data structure results from the recursiveness embedded in the
grammar rules. In the relational model, recursiveness has to be broken down, and a solid
may be described by several relations: It has to be treated as a whole at a high object level
while providing its individual details at lower part levels.

The conceptual scheme of the CSG-approach is given in Fig. 2: Each OBJECT in a
CSG-represpntation consists of several PARTS. In the relational model, this hierarchical
structure has to be described by at least two independent relations in order to limit data
redurdancy. Furtherrnre, two generic structures are imposed by the CSG-scheme [Lee and
Fu 1983) which cannot be defined directly by relations. First, each part may either be a
TRANSFORMED-, or a PRIMITIVE-, or a COMBINED-PART according to the grammar
rules, for instance, a COMBINED-PART consists of two parts, namely the FIRST one and
the SECOND one plus the corresponding Boolean OPERATION union, intersection, or
difference. Second, each primitive part is either a CUBE, or a CONE, or a CYLINDER etc.
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orientabillty, i.e. faces may Intersect only at common edges or vertices, and each edge is
shared by exactly two faces etc. Mathematically, the surface of a solid described in boundary
representation may be treated as a manifold.

After having discussed the main schemes for representing solids we ask which ones are
suitable for database techniques:

Fig. 1: Using Database Techniques for Solid Modeling.

In Primitive Instancing it is obvious that each instance may be considered as a record or tuple
in a Data Base Management Syt,.,em (DBMS). Since a shape type. and a limited set of
parameter values specify an object, parametrization does not involve much work for --

geometric and topological computation. Therefore, every commercial DBMS might be good
enough for describing and storing a part family. On the other hand, both Spatial Enumeration
and Cell Decomposition schemes are not adequate using database techniques, especially if the
objects are described in fine resolution or by a large number of cells. The cost of database
interaction for object manipulation becomes unreasonably high. Storing objects described by
Constructive Solid Geometry or Boundary Representation schemes in a database, however, seems
promising.

This paper will concentrate on database aspects for solid modeling. Section 2 describes how
objects given in CSG- or BR-representation may be mapped into a relational database
scheme. In section 3, a surrogate model is introduced to better support geometric and
topological information. A proposal for direct handling of vectors, matrices, and tensors in
the relational model is outlined in section 4. First experiments and conclusions are given in
section 5.

............. .. . .. .... .... ... .... ...
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1. REPRESENTATION SCHEMIES FOR SOLIDS

For Computer-Aided Design (CAD) of three-dimensional objects (3D objects or solids), the
geometric and topological aspects of part and assembly specification is important. In
[Requicha 1980], several representation schemes for solids are discussed some of which we
briefly describe.

Pirimtive Instancing is based on a family or group of objects where each member is
distinguish able by a few parameters. For instance, the family of cog wheels may be
described by a type code, the wheel's diameter and the number of equally spaced cogs.
Other properties of the objects are not specified explicitly; they either are constant
throughout the family or they depend on specified parameters. Primitive instancing lacks the
possibility of combining representations in order to create new or more complex schemes. It
is also difficult or even impossible to derive geometric and topological properties directly
from such schemes. In practice however, parametrization is applicable (and still widely used)
as long as the catalog of parameters does not become to large.

Spatial Enumeration denotes a scheme where the embedding space is divided into a grid of
volume elements, and a solid is represented by a list of occupied grid blocks or elements.
Recently, the octree encoding (e.g. [Meagher 1982D as a hierarchical spatial enumeration has
been discussed as a representation scheme for solid modeling. It divides the space occupied
by a solid into eight cubic parts recursively until a fixed maximal resolution is reached.
There are some advantages to this data structure; e.g. Boolean operations, hidden surface
removal or interference detection show linear growth because all objects are kept spatially
pre-sorted at all times. However, when moving objects are taken into account, more
computation is involved.

Cell Decomposition methods are based on the results of triangulation theory. A solid or
polyhedron is decomposed into disjoint parts of different dimensions. Therefore, operations
and calculations become easier due to disjointness. Cell decomposition may be considered as
a generalized spatial occupancy enumeration where cells neither have to lie on a fixed grid
nor have a pre-specified size and shape. In [Bieri and Nef 1982], a recursive sweep-plane
algorithm is presented that enumerates the cells of all dimensions into which space may be
partitioned by a finite set of hyperplanes. The described method is also suitable to compute
the Euler characteristic, the volume or other integral parts of polyhedrons represented in
Boolean form. Local information is collected at every vertex and summed up for the result.

Constructive Solid Geometry (CSG) denotes a family of representing schemes where each
object is described as Boolean construction or combination of solid components via the
regularized set operations such as union, intersection, and difference. Regularity provides a
natural formalization of dimension preserving properties [Tilove 1980], Le. the result of a
Boolean operation of two solids is volumetric; dangling edges and faces or isolated points
are not allowed. It is important to note that each CSG-scheme may be described as a tree
where non-terminal nodes represent operations both for construction and transformation,
and terminal nodes denote primitives or arguments of motion respectively.

Boundary Representation (BR) describes a solid by its bounding surface which often is
subdivided into curvature-continous regions known as faces. Each face as a region of its
underlying surface Is again bounded by a perimeter ring of edges which are, In turn,
bounded by a pair of vertices. The bounding surface has some unique characteristics such as

:',,:' ,'.-': .',.-' , ,' ,-...,- .,', .,. ,...-, ,....-"............-,,-.... ..... . -... ,. ,.- , ..................... .. ......



APPLYING RELATIONAL DATABASE TECHNIQUES TO
SOLID MODELING +'

Andreas Meier
Informatik, ETH Zurich

CH-8092 Zurich

Abstract:
Two main approaches to solid modeling have been taken by developers of CAD systems.
One is to rely on a set of primitives and to use regularized set operations (i.e. Constructive
Solid Geometry), the other is to rely on a set of Euler operators that combine faces, edges,
and vertices (i.e. Boundary Representation). Investigating both approaches, we discuss some
of the shortcomings when storing geometric objects in a relational database. In addition, we
describe a surrogate concept currently being implemented which allows the user to define
structural relationships among semantically related data. Based on surrogate values, two
constructs PART-OF and IS-A are defined in order to retrieve and manipulate geometric
objects efficiently. Finally, a structured type for handling vectors, matrices, and tensors as
attribute values is proposed by dropping the First Normal Form.

Keywords:
Geometric modeling, constructive solid geometry, boundary representation, relational
database, surrogates, vectors, matrices, tensors.

Contents:
1. Representation Schemes for Solids
2. Using a Relational DBMS for Solid Modeling

2.1. Constructive Solid Geometry
2.2. Boundary Representation

3. A Surrogate Model
3.1. Surrogates versus User Keys
3.2. PART-OF and IS-A Structures
3.3. Data Retrieval and Manipulation

4. Vectors, Matrices, and Tensors
5. First Results and Conclusions

+) This is a revised version of the paper given at the GI-Conference on Database Systems for Office
Automation, Engineering. and Scientiflc Applications, Karlsruhe, W. Germany, March 1985. This work was
supported. In part, by the Swiss National Science Foundation, under grant number 2.533-0.82.
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becen registered. Besides the coordinates of the corresponding hectare there ame other attributes stored in
each record, for Instance the Identification number of the municipality the hectare belongs to or the type of
ground cover of the hectare; since these attributes are not used as keys for performIng queries they are
neglected The records have been inserted Into a two-dimensional grid file using as keys the two
coordinates of the corresponding hectare. Typically. these records are accessed by range queries to find all
the hectares that belong to a rectangular region.

Cjr U _

-4 10ET - RP 111
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F1 g. 2.7: Connected coponents of a layout mask.
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Portability has been achieved by defining two interfaces: One towards the host (hardware and operating
system). the other towards client programs. The software can be transferred to other systems by adapting a
module G F Host that isolates the machine- and disk-dependent parts of the program. It provides procedures
for:

- creating and initializing disk storage;
- opening and closing communication channels between the disk and the grid file module;
- creating, deletin& reading and writing disk blocks;
- managing empty disk blocks.

The interface towards client programs consists of several modules that provide utility and query
procedures:
- creating, deleting opening and closing a grid file.
- inserting and deleting records in a grid file.
- changing non-key information in a record.

- point query: find all records with given key values xI.... xk (if keys are unique at most one record will

be found).
- range query: find all records whose key values xi lie In given intervals DI. ui] (1 1 : k).
- user defined region query: the user has to write a procedure which Is called by the grtadfie sysfem and

determines whether a grid cell (given by intervals [1I, ui) (1 <S I <5 k)) Intersects the search reion defined
by the user.

- nextabove, nextbelow: given key I with key value xi, find the records with key values above or below ,

and next to xi; this gives the user the possibility to process the records sequentially with respect to one

key.
- join query: the join query Is a generalization of the join operator known from relational data bases. The

user has to write some procedures which are called by the gridfle ysem and guide the join query.
- counting: the above queries can be performed by only counting the records, but not transferring them to

Lte user program.

2.5 Case studies of applications

The grid file software package has been used to store and process geometric objects In the following
applications [Hin 85a].

Producing layout mask for Integrated circuits (FIg. 2.7). Mask generated by a CAD system for chip design
(David Mann Format) are presented as a set of aligned rectangles. Fabrication requires that a mask Is
represented as the set of cornected components generated by rectangle overlap, i. e. a set of aligned
polygons (all edges paraltel to the coordinate axes, Manhattan geometry). This transformation program was
irnFernented by proctsalng rectangles in a 4-dimensional grid file and computing the connected
cornponents by Intersection queries.

Preproce-ssng plotter files. In a CAD system for mechanical engineering plotter files are preprocessed In
order to reduce the total distance along which the raised pen has to be moved. The task of finding an
optimal solution to this problem Is equivalent to the traveling salesman problem and therefore
NP-complete. The plotter files contain line segments and arts which have to be drawn. The end points of
the line segments and the arcs are stored in a 2-dimenslonal grid file. A reduction of the total pen plotting
tire Is achieved by nearest neighbor queries on this grid file. A similar method using quad trees Is
presented In [And 83].

Arly:!,ng phctcgrap;,,c =.ueLlie data. A photograph obtained by a satellite consists of 512 * 512 pixels.
Each pixel Is ass!gn,-d four color values In the range from 0 to 255. These pixels are stored In a
4-dilmensional grid fi'e. The ground Imaged by these pixels Is then classified Into water, forest, fields,
residental and metropolitan areas etc., by range queries on this grid file.

Managing simple spatfal obJectU An interactive program manages large sets of simple spatial objects. e. g.
rectarges, circles and segments. These objects, each of which Is defined by a fixed number of parameters,
axe stored in difTerent grid files, one for each type of object. The program allows the user to Insert and
delete simple spatial objects and to perform proximity queries (e. g. Intersection, containment) on the
stored data.

ProcemsIng geogruphic data The Swiss Federal Office for StatistIcs made available to us a file which
contains raster Information about Switzeriand. Each record in this file represents a square of 100 meters by
10Q meters (1 hectare). Switzerland cover about 4'000'000 hectares, but only about 100000 hectares have

II
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2.3 Evaluating region queries with a grid Me

We have seen that proximity queries on spatial objects lead to search regions significantly more complex
than orthogonal range queries. The grid file [NHS 84] is a structure for storlng multidimensional point data
designed to allow the evaluation of Irregularly shaped search regions In such a way that Mhe complexity of
the region affects CPU time but not disk accesses. The latter limit the performance of a data base
Implementatlon.

The grid ile parrition3s pace Into raster cells and aaslgiu data buckets to celi. The partition information is
kept in scaLe, one for each axis of space; the assignment Is recorded In an array called grid directory. The
directory Is likely to be large and must therefore be kept on disk. but the scales are small and can be kept In
central memory. Therefore, the grid file realizes the two-dLsk-accew principle for single point retrieval
(exact match query): by searching the scales, the k coordinates of a data point are converted Into interval
4rdLces without any disk accesses; these Indices provide direct access to the correct element of the grid
directory on disk, where the bucket address Is located. In a second access the correct data bucket (i.e. the
bucket that contains the data point to be searched for. if it exists) s read from disk. A query region Q Is
matched against the scales and converted Into a set I of Index tuples that refer to entries in the directory.
Only after this preprocessing do we access disk to retrieve the correct pages ofthe directory and the correct
data buckets whose regions intersects Q (Fig. 2.6).

4.

Fig. 2.6: Query In a grid file.

A weo,e*Ac Jcin query is answered In an analogous way. Let f and F" be the two grid files Involved, and let
ly and 1f'be the underlying higher-dimersonal spaces The scales off and f' define a grid on the Cartesian
product 11 X H. The cc!ls of this grid which Intersect the search region In H X It are determined by
-natchlng the scales of the two grid flies against the search region. As in the case of proximity queries on a
s:rgle grid file this computation needs no access to disk. If a cell intersects the search region the
corr espondng pair of buckets (Bf, Bfj) is accessed from disk via the grid directories of f and . If the

Cart--! an product of the bucket regions of Bf and 13? Ls completely contained In the search region all pairs
cf bjects corres-pondlrg to paIrs of points (pf, pf,) with pf E Bf and pf, E Bf, fulfill the join condition. If

the Carteslan product of the bucket reglons of Bf and Bf is not completely contained In the search region

all pairs of points (pf. pf') with pf E Bf and pfj E Bf ' must be checked in order to see whether they lie

Irside or outside the search region. i. e. whether the corresponding paJrs of objects riflll the join condition.
A buff-r of mir.mal size of two pages receives pairs of data buckets (Bf, Bf,) act -r-2ng to a scheduling

pol!cy similar to the one mentioned In [MKY 81L

2.4 The grid fMle software package

Tlee gTid file is lmplem-rnted In Modula-2 and FORTRAN-77 as a portable data management paclkage of
O. 2t acut 5F0) lines of source code. The Modula-2 version tHin 85a, 85b] runs on the DEC-VAX 11

.r.-r VMS, on the DEC-PDP 11 under RT-11 and on some personal computers based on the Motorola
tp-XYJ proce or. 'he FORTRAN 77 version ha: brcn developed on a DEC-VAX 11. The package includes
a Prclog Inter-preter that gives Lhe user IntcTactlve access to the data store In grid files, and serves as a
powerful qery language that permits deduction.
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Fig. 2.4b: Search region for an Intersection query with a line L"

Geometric Iola query. Let Qr be another class of simple spatial objects with parameter space H. and r C
Ir. For every A E 0 let H"A C H' be the set of all points In H" representing A' E f such that A and A'
intersect. Denote by PA the point In H representing a spatial object A E Q. The region In the Cartesan
product H X H' that contains all points representing palrs (A. A') E r x r of intersecting objects is the
union of the sets {PA} X H A for all A E 10; this region is particularly simple for the different classes of

simple spatial objects.

Let 0 be the class of points. i' the class of intervals on a straight lne. Then H X H' Is the 3-dimensional
-pace. All pairs (p, 1) of points p with coordinate x and Intervals I = (cx. dx) such that p E I are represented
by points lying in the solid shown in Fig. 2.5. This solid is obtained by moving the search region for a
point-In-interval query along the bisector In the x-cx-plane.
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for point p
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Fig. 2.5: Search region for a geometric join query.
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Fig. 23: Search region for an Interval Intersection query.
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Fig. 2.4a: Search region for a point query in the clasm of circles in the plane.
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Fig. 2.2- Search Tegion for a point quary In the class of aligned rectangles in the plane.
3) Let F) be the class of circles In the plane. As parameters for the repres,-ntation of a cirrle as a point in
3-dimensional space we choose the coordinates of Its center (mx cy) and its radius r. All circles which
overlap a point q are represented In the corresponding 3-dilmensional space by points lying In the cone with
vertex q shown In FIg. 24a. The a~ds of the cone is parallel to the r-axls (the extension paramneter). Its
vertex Is q considered as a point in thecx-cy-plane (the subspace of the locatiorn parametmrs).

Point set query. Given a set Q of points. the region In H that contains all points representing objects A E r
which Intersect Q is theuniton of the regions In H that result from the point queries for each point In Q. The
urion of cones is a particularly simple region in H If the query set Q is a simple spatial object.

1) Let F) be the class of Intervals on a straight line. An interval I = (mx dx) intersects a query Interval Q
(cq, da) if and only If Its representing point lies In the shaded regiorn shown In Fig. 2...: this region Is given
by the In~equalities cx - dx: < cq + dq and cx: + dx ' cq - dq.

2) Let 0be the class of aligned rectangles In the plane. If QIs also an aligned rcctangle then C) Is again
treated as the Cartesian product of two classes of intervals, one along the x-axis, the other along the y-axls.
All rectangles which Intersect Q are represented by points in 4-dimensional space lying In the CartesiJan
product of two interval Intersection query regions.

3) Let F) be the class of circles In the plane. All circles which Intersect a line segment L are represented by
points lying In the cone-shaped solid shown In Fig. 2.4b. This solid is obtained by embedding L In the
cx-cy-plane. the subspace of the location parameters, admoving the cone with vertex at q along L



intervals on a long line clustering along the diagonal, leaving large regions of a large embedding space
unpopulated; whereas the same set of Intervals represented by a location parameter cx and an extension
parameter dx. fills a smaller embedding space In a much more uniform way. With the assumption of
bounded d. this data distribution is easier to handle.
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FIg. 2.1: Intervals on a straight line. -- CIX--i

2.2 Intersection queries lead to cone-shaped search regions

Int-.sEctlon Is a basic component of other prodmity queries, and thus deserves special attentcn. CtD
design rules, for examp!e. often require different objects to be separated by some minimal distance. This is
eqwvaent to requirnrg thai objects surrounded by a rim do not interset. Given a class 0 of simple spatial
objects with pai-arneter space H. and a set r C 0 of simple objects represented as points In H. we consider
three types of queries:

- point query: given a query point q. find all objects A E r for which q E A.
- point set query: given a set Q of points. find all objects A E r which lntersect Q.
- geometric jcin query: given another class Ir of spatial objects with pararneter space H'. and a set r c ('.

find all pairs (A. A') E F x r" of intersecting objects.

Point query. For a query point q conpute the region in t that contains all points representing objects in r
which overlap q.

1) Let 0 be the clas of Intervals on a straight line. An interval given by its center cx and its half length dx
overlaps a point q with coordinate qx if and only lfcx - dx < qx :5 cx + dx.

2) The cas 0cf aligned rec tingles in the plane (with parameters cx. cy, dx. dy) can be treated as the
Caei'xzan product of two cla.ces of intervals, one along the x-a.xls, the other along the y-axis. All re, argles
which contaJn a gJven point q are represeented by points in 4-dimensional space lying in the Cartesian
product of two point-in-Interval query regions (Fig. 2.2). The region is shown by its projections into the

. cx-dx-plane and the cy-dy-plane.
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simple object such as a point or a line segment. Even if the solid and the query are far apart, all the
components of te srlid mu-1 be examined In a tree traver=4 to detect this What Is lacking Is some concisely
stated geometric Information that describes global properties of the solid and its location in space.

2 An approach to combined geometric modeling and storing:
Approximation, transformation 'o parameter space, grid fie

The technique we now present for modeling and storing spatial objects is based on 1) approximation of
complex spatial objects by sLmpte shape. e. container% 2) trcr1ormatlon of simple .atlial objects Into
points In hlgher-dlmendonal paa ceer Vacex and 3) the grd flIe for poLnt $forage.

Complex. Irregularly shaped spatial objects can be represented or approximated by simpler ones In a
variety of ways, for example: decompofflrion, as in a quad tree tessellation of a figure Into dijoint rater
squares of size as large as possible; representation as a cover of overlapping simple shapes; enclosIng It In a
container chosen from a class of simple shapes. The container technique allows efficient processing of
proximity queries because it preserves the most Important properties for proximity-based access to spatial
objects, in particular It does not break up the object Into components that must be processed separately.
and It eliminates many potential tests quickly (if two containers don't Intersec the objects within won't
either). As an example, consider finding all polygons that Intersect a given query polygon, given that each
of them Is enclosed In a simple container such as a circle or an aligned rectangle. Testing two polygons for

ice Intersection is an expensive operation as compared to testing their containers for Intersection. The cheap
container test excludes most of the polygons from an expensive, detailed Intersection check.

Any approximation technique limits the primitive shapes that must be stored to one or a few types, for
example aligned r.tangles or boxes. An Instance of such a type is determined by a few parameters, such as
coordinates of Its center and its extension, and can be considered to be a point In a (higher-dmensional)
parameter space. This transformatlon reduces object storage to point storage, Increasing the dlmensionality
of the problem but without loss of inforrratlon. Combined with an efflcient multiLimensional data structure
for point storage it is the basis for an effective Implementation of data bases of spatial objects.

2.1 Transformation to parameter space

Consider a class of simple spatial objects, such as aligned rectangles in the plane (i.e. with sides parallel to
the axes). Within Its class, each object is defined by a small number of parametes. For example, an aligned
rectar4gle is determined by its center (cx, cy) and the half-length of each side, dx and dy.

An object defined within Its class 0 by k parameters, can be considered to be a point In a k-dimensional
parameter space H assigned to Q. For example, an aligned rectangle becomes a point In 4-dimensional
space. AL of tVe geometric and topological properties of an object can be deduced from the clam It belongs to
and from the coordirates of Us corresponding point In parameter space.

Different choices of the parameter space H for the same class 0 of objects are appropriate, depending on
characteristlcs of the data to be processed. Some considerations that may determine the choice of
parameters are:

1) Distinction between locallcn pararreters and extension pararreters. For some classes of simple objects it
is reasonable to dlstirgu!sh location parameters, such as the center (cy. cy) of an aligned rectangle, from
exterson parameters, such as the Laf sides dx and dy. This distinction is always possible for objects that
can be described as Cartesian products of spheres of various dimensions. For example, a rectangle is the
product of t.wo 1-dimensional spheres, a cylinder the product of a 1-dimensional and a 2-dimensional
sphere. Whenever this distinction can be made, cone-shaped search regions generated by proximity queries
as described in section 2-3 have a simple Intuitive Interpretation: The subspace of the location parameters
acts as a "mirror" that reflects a query.

2) Independence of pa- ameter., uniform dLributlorn. As an example, consider the class of all Intervals on a
straight line (Fig. 2.1). If Intervals are represented by their left and right endpoints, lx and rx, the constrant
Ix < rx restricts all representatIons of these Intervals by points (x. rx) to the triangle above the diagonal.
Any data structure that organizes the embedding space of the data points, as opposed to the particular set of
points that must be stored, will pay some overhead for representing the unpopulated half of the embedding
space. A coordinate tran"forrnatlon that dLstributes data all over the embeddlIng space leads to more
efficient storage. The phenomenon of nonuniform data distribution can be worse than this. In most
applications, the building blocks from which complex objects are built are much smaller than the space in
which they are embedded, as the size of a brick Is small compared to the size of a house. If so, parameters
such as Ix. rx that locate boundarics of an object, are highly dependent on each other. Fig. 2.1 shows short
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1.3 The conventional data base approach to "non-standard" data

Data base technology has developed over the past two decades In response to the needs of commerdal
data processing. The key concepts Introduced and supported by data base software mirror the reality that
used to be handled manually by office clerks. Large quantities of records of a few different types,
Identified by a small number of attributes, mostly retrieved In response to relatively simple queries: point
queries that ask for the presence or absence of one partcular record. Interval or range queries that ask for
all records whose attribute values lie within given lower and upper bounds. More complex queries tend to
be reduced to these basic types

Data base software has yet to take into account the specific requirements of geometric computation, as can
be seen from the terminology used: Geometric objects are lumped into the amorphous pool of
"non-standard" applications. The sharp distinction between the logical view presented to the user and the
physical aspects that the Implementer sees has been possible In conventional data base applications
because data structures that allow effIcient handling of point sets are well understod. The same distiction
Is premature for geometric data bases: in Interactive applications such as CAD efficiency is the real Issue,
and until we understand geometric storage techniques better we may not be able to afford the luxury of
studying geometric modeling divorced from physical storage. Consider the following example.
A set of polyhedra might be stored in a relational data base by using the boundary representation (BR)
approach: a polyhedron p Is given by Its faces, a face f by its bounding edges, an edge e by Its endpoints s I
and s2 . Four relations polyhedr, faces, edges and polns might have the following structure:

(0 A tuple in the relation polyhedra is a pair (pi. fk) of Identifiers for a polyhedron and a face: fk is a face of
polyhedron pi.
A tuple In the relationfices Is a pair (fk, ej) of Identiflers for a face and an edge: e Is a bounding edge of
face fk-
A tuple In the relation edges is a triple (e1 , s1, si) of Identifiers for one edge and two points: sl and sm ar
the endpoints of edge e1.
A tuple In the relation ponris Is a triple (sn, x, y): sn Ls the Identifier of a point. x and y are its coordinates.
This representation smashes an object Into parts which are spread over different relations and therefore
over the storage medium. The question whether a polyhedron P Intersects a given line I Is answered by
Intersecting each face fk of a pclyhedron pi with I. If the tuple (pi, fk) in the relation polyhedra contains
the eqa tlon of the ccrresponding plane, the intersection point of the plane and the line I can be computed
without access!,g other relations. But in order to determine whether this intersection point lies inside or
outside the face fk requires accessing tuples of edges and potnLs, i. e. accessing different blocks of storage.
resulting In many more disk accesses than the geometric problem requires.

1.4 Geometric modeling separated from storage considerations

In this early stage of development of geometric data base technology, we cannot afford to foc. s on
modeling to the excl.:slcn of Implementation aspects. In graphlcs and CAD the rel LvIxe Ls effclency:.
110-th of a second Is limit of human time resolution, and a designer works at maximal efficiency when
"'trlvial" requests are dLsplayed "rstantaneously". This allows a couple of disk accesses only, which means -"-
hat geometric ard other spatial attributes must be part of the retrieval mechanism if common geometric

q,.eries (intersectIon. inclusion, point queries) are to be handled efficiently.
A key problem that affects efflcency Is how to reduce complex objects to simpler ones chosen from
predefined prlmitive. Among the standard techniques known we have already discussed how boundary
repre-sentations stored in a relational data base prevent efficient access based on geometric queries. The
problem of an object being torn apart happens also In another standard modeling technique. con.ructlve
=Ud geometry CSG. Let us briefly discuss the consequences of basing the physical storage structure
directly on such mod.ling techniques.

In consructive solid modeling a complex object is constructed from simple primitives, such as cubes or
sphere by means of Boolean operations union. intersection and difference. The construction process Is
represented by a tree. Each leaf of a CSG tree contains a simple object, each Internal node contains a
Boolean operation. To each node a geometric transformation such as scallng. transiation and rotation may
be a:!gned. The Boc!ean operatlon Is a-plIed to the objects represented by the left and right subtre of
the node. A goor-etrlc tran=formration a-.gned to a leaf is applied to the simple cb,'. stored In the leaf, a

_-,=cetric tz-arsfcrna*_ion a.signed to an Internal node Is applied to the object resulting from the Boolean
epo-ration stcred In this node. Now consider the query whether a solid In CSG representation Intersects a



The first generation. characterized by nunerical conputing, led to the development of many new
algorlthns. It transformed numerical analysis from a craft to be practiced by every applied mathematician
Into a field for specialists. It soon became obvious that writing good (efficient, robust) numerical software
requires so much knowledge and effort that this task cannot be left to the applications programmer. The
development of large portable numerical libraries became one of the major tasks for professional
numerical analysts.

The second generation, hatched by the needs of commnerclal data processing, led to the development of
many new data .structures. It focused attention on the problem of efficient management of large, dynamic
data collections, Initially under batch processing condltions. Searching and sorting were recognized as
basic operations whose time requirements turned out to be the bottleneck for many applications. Data
base technology emerged to shield the end-user from the details of Implementation (storage techniques. .-
features dependent on hardware- and operating system), by presenting the data In the form of logical
models that highlight reLatlonships among data Itens rather than their Internal representation, and by
Introducing the abstraction of access path to hide detailed access algorithms of underlying data structures.

We are now on the threshold of a third generation of applications, dominated by computing with pictorial
and geometric objecta. This change of emphasis is triggered by today's ubiquitous Interactive use of
personal computers and their increasing graphics capabilities. It is a simple fact that people absorb
Information fastest when It Is presented In pictorial form, hence computer graphics and the underlying
processing of geometric objects will play a role In the majority of computer applications. The field of

67* computational gecretry has emerged as a scientific discipline during this past decade In response to the
growing importance of processing pictorial and geometric objects. It has already created novel and
interesting algorithms and data structures, and Is beginning to Impact data base technology under the label
(hopefully temporary) of non-standard database applications. In order to understand how geometric
computation is likely to affect data bases, it is useful to survey some milestones in this rapidly developing
field which Is replacing the traditional areas of numeric computation and of data mar.agement as the major
research topic in algorithm analysis.

1.2 Computational geometry - theory and practice

During the seventies geometric problems caught the attention of researchers in concrete complexity
theory. They brought to bear the finely honed tools of algorithm analysis and achieved rapid progress.
Elementary problems (e. g. determining intersections of simple objects such a.s line segments, aligned
rectangles, polygons) yielded elegantly to general algorithmic principles such as divide-and-conquer or
plane sweep. But in many Instances a surprisingly large increase of difficulty showed up In going from two .-
to three dimensions: for example, intersection of polyhedra is still an active research topic where major
efficiency gains are to be expected. The theory of computational geometry, although well underway, has as
yet explored only a fraction of Its potential territory.

The practice of cornputtional georretry Is even less well understood. Many important geometric problems
!n computer-aided dtsign. In geographical data processing, in graphics do not lend themselves to being
s-uded and evaluated by the asymptotic performance formulas that the algorithm analyst cherishes. For
eYxa:- nple, asmTnptotLcs does not help in answering the question whether we can access an object In one disk
access or two, thus being able to display it "instantaneously" on the designer's screen - realistic
asurrptlors about the size of today's central memories are needed. Nor will asyrnptoUcs settle the
arg'ment ragg In tlhe CAD community between proponents of boundary representatiors and adherents
of constructive solid geometry - taste, experience, and type of application are the relevant parameters.
And below the hi8hly visible Issues of object representation, d.ata structures and algorithms hide the
tantallzing details of the numerics of computational geometry, such as the problems caused by "braiding
stra:ght lines", which may Intersect repeatepLy.

Commercially available software In computer graphics and CAD has not yet taken Into account the results
of ccmputatloral geometry. Straightforward algorithms are belng used whose theoretical efficiency Is poor
as compared to known results. Perhaps the sratghtforwrd algorithms are better In practice than
theoretically optimal one4 but .=Lch difficult quesZions have hardly been Investigated, as CAD systems
development today is so labor Intensive that all resources are absorbed by just getting the system to work.
and algorithm analysis has so far largely restricted Itself to theoretically measurable performance.

We know by analogy with numerical analysis what the rexit step should be In the maturing process of
comnputatlonal geometry: The develoTrent of efficlent, pcrfable, robust program libraries for the most basic.
fre.Tuent geometric operailor: on star.dard repreczentatton of geometric objects. In other words, we must
develop the geometric subroutine library of CAD, thus exposing theoretical results to stringent practical
test..
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Fig. 2: Conceptual Scheme of the CSO-Approach.

In the classical relational model, data is organized as record instances (tuples) In tables
(relations). There are no schema defined relationships such as PART-OF and IS-A
structures. Instead, a high level language (predicate calculus or relational algebra) is used for
exploiting relationships based on values. However, the mapping of highly interrelated data
into tuples in one or more relations has to be done entirely by the user. For instance, the
important feature of a generic structure which says that all descendant objects must bear the -.

same key domains as their ascendants has to be enforced by the user himself. The relational
model does not allow individual objects to be uniformly referred to regardless of the generic
class in which they appear.

Other drawbacks using the classical relational model are due to normalization. A relation is
said to be in First Normal Form [Ullman 1982] if and only if it satisfies the constraint that it
contains atomic values only. Note that in our example of a CSG-scheme, this condition is
very inconvenient. For instance, a TRANSFORMED-PART may be described by a part
number and a transformation matrix, e.g. a 4x4-matrix in homogeneous coordinates. To
describe these facts in a normalized relation, sixteen attributes must be introduced
artificially which correspond to the matrix arguments. Of course, one would instead only
define three arguments PARAMI1, PARAM2 and PARAM3 for motion parameters, plus a
further attribute MOTION which denotes if it is a translation, a rotation, or a scaling
operation. In any case, the First Normal Form is cumbersome.

In conclusion, the study of the CSG-approach in solid modeling suggests the following
extensions to the relational model: There should be a way of defiming PART-OF and IS-A
structures explicitly to the system in order to give the user the possibility of querying an
object or part of it as a xhole rather than assembling different relations and thinking about
all '-nown interrelationships. In addition, the First Normal Form should be dropped. Or at
least, the uscr should have a direct way of storing matrices as data types into a tuple, and the
database system should incorporate features for non-atomic fields into its calculus or
algebra.

2.2. Boundary Representation

With the Boundary Representation model, solids are described by a collection of faces which
in turn are represented by their bounding edges and faces. So called Euler operators allow
incremental manipulation of the objects while restoring well-formedness of the surfaces:
closedness, orientability, nonself-intersection, boundedness, and connectivity [Eastman and

O Weiler 1979]. These topological properties are condensed in the Euler-Poincar6 formula:
* with f faces, e edges, v vertices, r inner loops of faces called rings, c cavities or hollow tubes,

and g holes through the body (or genus g corresponding to the number of handles in graph
topology) the following condition holds:

f- e + v - r = 2 (c - g)

The practical relevance of the formula is ensuring that shapes are topologically well-formed; .-

e.g. its application eliminates the danger of ill-formed solids such as the Klein bottle. If we
I.

. . .
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consider the above formula as a hyperplane in six-dimensional space, the law restricts the
valid transitions to a subset of all those combinatorically possible. Of course, the desired set
of Euler operators should cover the hyperplane; a possible spanning set of five primitive
operators may be defined as follows:

f e v r c g
MEF resp. KEF 1 1 0 0 0 0
MEV resp. KEV 0 1 1 0 0 0
MEKR resp. KEMR 0 1 0 -1 0 0
MFVC resp. KFVC 1 0 1 0 1 0
MFKGRresp. KFMOR 1 0 0 - 1 0 - 1

The Euler operator MEF stands for "Make Edge and Face" which obviously does not change
the above characteristic, it is also invers to KEV, i.e. "Kill Edge and Face". Any transition in
the Eulerian plane can now be represented as a linear combination of the five primitive
Euler operators. Each of these or a combination enables the construction of a possible
unique topology. They reduce bookkeeping requirements needed to guarantee that the
resulting shapes are well-formed, i.e. non-intersecting, closed, and orientable.

We now discuss the conceptual scheme of solids described in boundary representation (see
Fig. 3). The structure of a bounded shape model, i.e. OBJECT, is comprised of spatial
surfaces named faces. Each FACE is bounded by one or more loops of edges where each
loop is the concatenation of line segments, i.e. edges, into a closed RING. EDGES are
bounded by VERTICES at their intersections; in our scheme, every edge is given by a
START a-d END vertex, and it topologically points to the LEFT and RIGHT ring
respectively.

Fig. 3: Conceptual Scheme of the BR-Approach.

Using a DBMS for storing objects in boundary representation is advantogeous for the
following reasons. For instance, the discussed Euler operators are atomic in the sense that
they topologically guarantee to handle manifolds consistently, i.e. to fulfill the
Euler-Poincar6 formula. To construct the topology of a cube for instance, a sequence of a
MFVC, seven MEV, and five MEF operators is needed. Thus, the notion of transaction in
database theory (Ullman 19821 might be very helpfui to better control consistency: The
sequence of Euler operators would start with a BEGIN TRANSACTION command and
finish with an END TRANSAC"ION command. The transaction mechanism is such that
other transactions (or users) do not see the changes of a transaction until this transaction
commits. When it commits, the whole sequence of Euler operators, e.g. the topology of a
cube, become visible to other users. If a transaction does not commit but aborts or
terminates abnormally, any change to the data are undone and other transactions will see
none of the changes.

There are some drawbacks when using relational database technology for bounded surfaces.
First, the user is forced to define keys such as O#, F#, R#, E# and V#. These values are
necessary to uniquely identify each tuple within a relation. However, to enumerate all faces
of an object, all rings of a face, all edges of a ring or both vertices of an edge should be
superfluous when interacting through the graphical interface of the solid modeler.

........... .•... .. .... ..... .-... "...."..-".,i .:',--,--'-' -- ~~. . . ... = -. . . . ." . .. ,---.2. . . .. .. - .
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Each Instance of the BR-scheme Is a group of tuples comprising a single root tuple which
lefines the object, and several dependent tuples In distinct relations which form its
boundary, L.e. faces, rings, edges, and vertices. Even If a s-uctur such as PART-OF would be
expressed relationally in terms of matching values, it could not be manipulated as a single
object. For example, in order to delete an object, the user must issue one delete statement
for each tuple in all dependent relations of the object.

Also the First Normal Form condition brings disadvantages for a BR-scheme. For instance, a
vertex may be described by its positional number and coordinates. Due to normalization, the
coordinates may not be treated as vectors but have to be distributed into three attribute
domains, namely for x-, y-, and z-values.

d6

a )

~o
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3. A SURROGATE MODEL

We now describe a surrogate concept as the basis for an engineering database system, we
demonstrate the usability of surrogates for defining PART-OF and IS-A structures in solid
modeling, and we give some data retrieval and manipulation considerations.

3.1. Surrogates versus User Keys

In [Hall et al. 1976], it was pointed out that the relational model cannot denote an individual
object independently of its attributes. In other words, what would happen if a particular part
number (unique identifier) in a CAD database is replaced by a new one: Is it a change to
that part number or a replacement by a new part with the same characteristics? To solve this
problem, Hall et al. propose to use surrogates as "data model representatives" of the entities

| Q (unlike tuple identifiers used, e.g. in System R [Astrahan et al. 1976]) and draw the following
distinction:

SURROGATES act as invariant values for individual entities; these values can appear
at different places n the database to link entities together.

USER KEYS act as unique identifiers under user control to identify an individual
entity.

One extension of the relational model [Codd 1979] suggests a unary relation for each entity
type to list all the surrogates of entities which are currently recorded in the database. Codd's
entity integrity constraint allows insertions and deletions of surrogate values but not updates
and null values.

Surrogates can be used to provide both fast access and storage independence. Deen's 2.
implementation [Deen 1982] employs key compression to provide a more uniform
distribution, a hashing algorithm to place tuples on data pages, and an indexing technique to
allow fast sequential access. However, Deen's surrogates are similar to tuple identifiers and
are generated from primary keys. Therefore, whenever a primary key value changes, its
corresponding surrogate also changes.

We introduce a system-controlled attribute SURROGATE and restrict the surrogate values
according to the following rules:

- Each SURROGATE value is system- wide unique(e.g. concatenation of processor number,
database identification, and clock time or sequence number per relation) in order to
allow for merging of databases from different sites.

- The values of a SURROGATE attribute cannot be changed The user has no control over
the SURROGATE values although they may or may not be made available to him (e.g. it
seems appropriate to give surrogate values back to programmers as a program variable).

A SURROGATE acts as an invariant value for each tuple, and no special attribute needs to
be chosen as the primary key. In our example of the BR-approach for Instance, the user
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6 could define 0#, F#, R#, E# and V# as surrogates. The system would then

automatically generate unique identifiers whenever a tuple is inserted in a relation. In
addition, these values could be used to define the structural semantics of the objects.

Very often, the user likes to deal with user-defined primary keys which have some semantic
meaning to him. To avoid the introduction of two independent identifier concepts, we
introduce a binding mechanis between SURROGATES and USER KEYS via a special index
called KEY-INDEX. This index is restricted to a single attribute, i.e. unique key, and implies
a binding to its corresponding SURROGATE attribute. It is important to note that a user
key may or may not exist and may sometimes be changed: Supporting access to an
individual tuple of a relation is always guaranteed via the SURROGATE values.

Furthermore, we define two built-in functions to map system-generated SURROGATES
onto user defined USER KEYS and vice versa: KEY(surrogate) retrieves the user key
corresponding to a surrogate value if one exists, and SURR(user key) retrieves the surrogate

j ( value of a specific user key. A one-to-one mapping between internal SURROGATE values
and USER KEYS is guaranteed if the attribute of the indexed column is specified with a
NOT NULL option. In this case, both functions KEY and SURR yield a unique value which
is never null whereas a non-existing operand produces an error message.

3.2. PART-OF and IS-A Structures

Based on the surrogate concept introduced so far, we show how the structural part of our
conceptual schemes for solid modeling can be described more directly. In Fig. 2 for instance,
the entity set OBJECT can be referred to as root relation which identifies its hierarchical
subparts. In order to define this hierarchical structure, we introduce the new attribute
SURROGATE for system-generated values in the root relation:

RELATION Object;
ATTRIBUTE

Art#: Number;
0# : SURROGATE;
Description: String2O;

IDENT

Art# PRIMARY DOMAIN;
KEY-INDEX

Art#.O#;
END Object;

Besides the object number O# (as a surrogate), a user key Art# may be defined and
combined with a KEY-INDEX. This index allows the user to retrieve data by article
numbers rather than internal surrogates. It also may be used to improve the performance of
queries based on the user key attribute, e.g. when searching for tuples with a given article

I number.

. The SURROGATE columns have a semantic meaning besides technical properties such as
clustering, avoiding composite keys, and improving performance: They may be used to

4
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reference relations. For instance, the dependent relation PART Is distinguished by the
PART-OF attribute that contains surrogates pointing to tuples in the corresponding parent
relation OBJECT:

RELATION Part;
ATTRIBUTE

P#: SURROGATE;
0)#: PART-OF(Object);
Material: Classification;

END Part;

Furthermore, an additional column type IS-A may be used to refer to other relations which
correspond to a generalization hierarchy. As an example, we consider the relation

| • CYLINDER which is generalized by the relation PRIMITIVE-PART:

RELATION Cylinder;

ATTRIBUTE
C#: Number;
P#: IS-A(Primitive-Part);
Radius: REAL;
Height: REAL;

IDENT
C# PRIMARY DOMAIN;
(Radius,Height) UNIQUE;

END Cylinder;

The PART-OF cont-uct is used to define hierarchies of relations and implicitly exprc--es an
existential quantif,-.i tion: For each instance of the hierarchical class, there exist objects
constituting its parts. On the other hand, the IS-A hierarchy impliitly expresses a universal
quantification: Every instance of a subordinate class has all the properties of the more
general class. (Bsides PART-OF and IS-A structures, an additional attribute type
REFERENCE-OF may be defined to refer to tuples of the same or a different hierarchy.
This construct, however, would ask for specific semantics, and performance enhancements
would become more difficult, i.e. natural clustering of data may no longer be aprlicable).

S3-3. Data Retrieval and Manipulations

To retrieve data from PART-OF and IS-A hierarchies, a user would oflen have to join
*- component relations with parent or ancestor relations which requires knowledge of the

external structure of a complex object. Instead of defining several join predicates along
particular branches involving SURROGATE, PART-OF, and IS-A columns, the user may
specify an irplicit join operator. By this, the whole implicit structure of aggregation or
generalization concepts become more transparent and may be easier handled at the user
interface.

":'-1 .)'.:_"-.'-.---,-,---"--,----"---------""--"---"-------"---"""-"-"-"'- .' "".-' " --" " " '- ; "" "
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We discuss the following query based on the relations OBJECT and PART described in the
previous section: Show a material list of the article with number 1200.

with implicit join: without implicit join:

SELECT Material SELECT Material
FROM Object.Part FROM Object. Part
WHERE Art#1200; WHERE Art#-1200 AND

Object.0#-Part.0#;

The linear implicit join from OBJECT to PART is an equi-join between parent relation and
direct child relation. The notation for implicit joins also generalizes to subschemes which are
hierarchical rather than linear. Precise definitions and illustrative examples are given in

I [Meier and Lorie 1983].

An example for using the built-in function KEY is based on the primarily defined
KEY-INDEX combining the SURROGATE attribute O# and the USER KEY Art# in
relation OBJECT. We consider the following query: Give all article numbers of objects
which comprise metal parts.

with KEY-INDEX: without KEY-INDEX:

SELECT KEY(O#) SELECT Art#
FRCM Part FROM Cbject, Part
WHERE Material~metal; WHERE Material~metal AND

Object.Q#=Part.O#;

:t should be noted that even if the key value is null, the built-in function KEY can still be
performed E'nce only identifiers are needed. Of course, the proposed KEY (and SURR)
concept is minimal and helps to avoid writing additional joins to retrieve user keys. It does
not help when more than the user key is desired from referenced relations.

The implicit join and the built-in functions KEY and SURR can be used advantageously for
insertion and deletion. Although updating through a join is difficult in general, the clean
semantics of PART-OF and IS-A structures allow using implicit joins in update statements.

We have discu::ecd a general notion for collecting tuples from different relations by
introducing a SURROGATE concept which allows retrieving and manipulating structured
data Since the sytem knows both the structure and the internal representation of the data
from the system catalogs, it can optimize the implicit join accordingly and decide whether or
not to use the specialized KEY-INDEX. Accessing solids as interrelated data in a CAD
database directly insteid of scanning throug different relations improves performance in
design work.

I

I. '
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4. VECTORS, MATRICES, AND TENSORS

We have argued that in geometric modeling it might be interesting to store the objects with
all their necessary geometric and topological information into a database. Whatever
representation is chosen for solids, describing points or vectors in coordinate space should be
possible. Also, since transformations are common to all geometric modelers, mappings
should be supported. The relational model allows only atomic values as attribute elements,
therefore it should be augmented [Meloni 1985] to capture vectors matrice-,, and tensrs..

A stract'ared type of rank m is given by m indices, a dimension vector n1 .... nm, and each
element of that type has nl,...snm coordinate values. An index ik is a sequence of INTEGE
vaJues aind ranges from 1 up to its corresponding dimension nk. Each coordinate is a n
INIEGER or RFAL value and may be un' -uely identified by a combination of index values
out ofit.

0 (;
E.xa, pies of structured types are given in Fig. 4: A structured type of rank 1 with index
1,...,n is a vector of dimension n, a type of rank 2 with indices 1....,n 1 and 1,...,n, is a
nj.n 2 -matrix and so on.

Fig. 4 Dimension and Rank of Structured Types.

Tc e a, ce two kirnci of operatiors for a structured type U of rank ru with dimension vector
nli .. nru and pvce V of rank rv with dimension vector mn,...,Mry respectively. The first class
of )reratio.S 1eads to a result of unchanged rank and dimension: Addition U+V and

~r.c:-o. V-U whcre the precondition ru=rv and ni=m i must hold for all i from I to
ru~rv: flna!!y, ,,r",.a :. z*U and division U/s where s is a scalar. The second class

3 :. ,r,! operation with a result of indifferent rank and reduced dimension: The
&:wryrcdnc: U.V if the precondition ru=rv and nru=ml holds. The new rank is given by the
forrr..ua r ±rV-2, and the dimension vector of U*V is built by dropping the last
cr,-.Orr..t of di.emion vector of U and the first component of the dimension vector of
V a-n co- a.tniing the rest As an example, the inner product of a nnm-rnitnix U and a

*nk *-.ix V results in the new n'k-matrix U.V.

Si,-_ 4-e ha-,e introducid a new, attribute type, implications for relational ,. yrators have to
."he tradtfenal mathematical set operations union, intersection, and dIfference

are .:tIll po::Zitle if the relations are of the same degree, i.e. having the same number of
attribitcs. A:so, 'he Carte:;ian product for relations with structured types m :y be defined in
the usual way.

The p-ojcction cperatcr, however, may now be applied not only to attiibutes but -so to a
structured type itzelf to define a new type of reduced rank or dimension. Therufoie. a
projection operator becomes a vector, matrix or tensor constructor.

For the selection operator SF.(Relation), we have to generalize the tornmuli F slightly:
Constants in a fonnula may now involve coordinates of a structured type.

_ , . . , ., ,. . , . . _ , , . , .. ,, , . , ,.. '' ' '..1 . '' - .v .".'.'- .: ; ' i : i _ . _ . -j_' .l : ... ( : . 7
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The additional operators join and division could be defined by first "unnesting" (compare
[Schek and SchoU 1984D the structured types and applying the usual relational operators.
However, performance would become a problem. Also, we don't plan to support a join
concept for structured types based on coordinates. We rather restrict join and division for
structured types by rank and dimension conditions: Two relations with structured types are
called join compatible if corresponding attributes show same rank and dimension, and if their
values are drawn from the same domain. Of course, structured types involved in a join may
first be projected in order to make the relations join compatible.

. . . J
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5. HIRST RESULTS AND CONCLUSIONS

After a decade of research and development activity, relational database systems are now
available as products. The flexibility, logical simplicity, and mathematical rigor of such
database systems demonstrate a significant new approach to data management, especially in
the bs:tiness application environment. Today, relational database systems are also attracting
interest from users outside the commercial areas for which such systems were initially
d'.:igned. In particular, the need for efficient management of engineering and design data
has triggered resear-h on both the requirements of such systems and on extensions to
existing database systems.

Some e:periments have already been made by extending System R (Lorie et al. 1984] to
,.... rae and support surrogates for engineering applications. System R catalogs have been

mcditbl:d to capture the structure of a complex object. The structure information allows the
sy:-,m to "iaraze the implicit join operator and to find all necessary links in order to

Ii € w.:,rinlize the query. Also, a special system table is maintained for each hierarchy of
relations to 7,e--irr:nt a fast intra-object access path. This path is used to enforce
parent chi!J integrity constraints and provides better performance for clustered access and
manipulatriun of tuples which be' ng to the same complex object-

We ha'.e i-nrloencnted a 3D modeler [Meier et al. 1985] based on a hybrid data structure,
n,:ntely us'ng a C'SO-approach for the user interface but storing the designed objects in
bocJ:v rep- :e,,tacn.' , Our solids are restricted to plane-faced objects however (see Fig.
5) The urer m.ay trarslate, rotate, or scale objects or may choose a Boolean operation for
un:on, .- on, or difference. A!so, a hidden line algorithm is available to better
',!::,=s.- the objctcs. This modeler POLY has been combined with a relational DBMS

.:cped 3t our institute in order to study interactions between geometric modeling and
-..-

Fig.5: Usirg a 3D Modeler for Defining Plane-Shaped Solids.

At precnt. we are t... g a storage structure [Durrer et al. 1985] for complex objects and
'r~icn. -3 r.cn 'he surrogate model. A multiple-tuple- at-the-time interface for PART-OF

.nrd IS-A :tr-trcs is the most important distinction to conventional DBMS. This
p*Era1 i:ntcrf2ce alows us to fetch, copy or delete a complex object by a single database

:n. , .rzr *o rn georuetric and graphical applications more efficiently.

,cr... . '.r:s. I am grateful to Konrad Durrer, Erwin Petry, Erwin Reiner, Walter
Re.xr, an1 AnIre r W.lchlin for implementing a storage structure based on the surrogate
moel. l-e:.pf!l comments on an earlier version of this paper by Klaus Hinnchs and Hans
llintcrbergr .r, also acknowledged.

........ ....... . ..... ......... . ... ... .... .. . .-.
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Figures

Fig. 1: Using Database Techniques for Solid Modeling.

Fig. 2: Conceptual Scheme of the CSG-Approach.

Fig. 3: Conceptual Scheme of the BR-Approach.

Fig. 4 Dimension and Rank of Structured Types.

Fig. 5: Using a 3D Modeler for Defining Plane-Shaped Solids.

o- :



2

Repres. Primitive Spatial Cell Constructive Boundary
Scheme Instancing Enumeration Decomposition Sol id Geom try Representation

Database not not
Technique applicable adequate adequate applicable applic able

Fig. 1: Using Database Techniques for Solid Modeling.

.. .... . .

* - . ~ .,..~t.V, .. ,.e.--



tincIhe ,c,,infc ntN are c i n order of in cjin c he e . s,%hen ai sc iznhent is dc l - it',

it~~~~~1 O.it mcfl~ 2'Ai c ncj.rcest ..czmcnls oni cil her \ide which are . t least ltI

' ~ ~ ~ ~ ~ ~ J 'r.;c .. I.in c i . d ci c ihc ice e~s n ,Tr*,et i, I' Ie %S

- n a ,:2'.i ix. iin, .i !W Inmim in i I n i r p cn r I i he

~it 'I , 'L t i W .4rc 4 ,e -n : i ). ,he I i in im a iIIn v,

.~n~: : ic .. ~ clctmne the Ici ;riii)Nt 1Ioc:l minimumn

n1 ni ril ii -



\tii .ie. x Cx fo~r al i. F s h r e a '.'ume v ichiiui Io%~ of ecenera it\v thajt x <x I r

.lFor hoth cacN,. --e AiI first propo,,e lincar time ,Il.rithr2\,. .iss~umrng the ,,, irc ak()i in

'.I:.a .in.d h.- order Later on. wie .vill how hoss . reniose thiN ivs'unpiinn %kt~lou:

N,'- :re ic r ,uh :!,: \.. in .. d .i ~)h=)-

s are in xA sort L rdc

see~ ier.:r~r.the .cv a ':ncr it !he Z' p 1he h.

P1 , I- ,% re7-n ..: ".hat " ..'r-ier'1 Ncu" .11 its top. all,~ i~~ie A

v'"-''-' c .'l e I a c - thle .isi t.e ka he otajineicd t, NC.4n n n n

C 'j On. U I " -a hri z't j l line Diirfn ohi sic:. n 'LhC lit N -',rd Lr '

Ih,::. iC k LPt AN each a, i% en lunlxred . N i-s dcKd '! !:ie 1

* ~ .2et' - c h'r i r rp. :,!. ,i~l rorn t sekrnent, t tre ,am*-,e

- -,n i, r..; j. r- j zatn k T r c--, rt ant dclv~c :he'.e seirnent. ,, !i>0 5

.- w- i: i; :o i i nd (i denote the Nenesiex: andI

-Oi) l .'h i -I and k. < n

Rev(,i '1( 1t) Repo(rt (i, )ji

1) +

I ntJ\Ahrie

Delee .ill cecmenit% t4 D) rrom \k



7

Dei termine. the stip y , m ax b,.b h ),N~i min (a,.a 1 of possible x isibility for ,,s

I f >v ihe ,top Aith answer "no- ihat is. %i.s ire not v isible). Cut out the

portris ) I "c irt s t hat fall outside of this strip, nmely, change each s. to s', such

that h, = maxs (11:. C a', min (a, N. Elminate all segments with h', >a',

hu oh-itai nin- t hc Les~q ue fc we _ h < k. (11 thi' equen ce is void, then stoip with

n,, t: r

1: t'.hn~.'tita'.c >cs ICh, 0. or anelnizf Loi 1 11 h uidd

" , A M a mx i a a wi If itoe inters d ,fn.(. n rea Li. t: UL. Tril 1,, 1

P.~~~ ~ >r7wc Pr i.!2 ' s tan %k.,.t~e so ith an,.kcr vc We~

"' ." "i uii Ii~)Ill fi Pe - rc.uirtc's 1nstri1, rn.1 ii.!i nie((d tfa,f

2 1,)c"irnie und in ocp, 2 In fit it -tpIcnl.LOm o)f

~ r L: t)Jf su k! c n cr srn :T, i. n- t!r %. .iJ:a ' Ir'

In th-s section sse ,tudy 'a'seral %peciali caises i the % isibiiv prohlemi. Ilinear :1 unc

'n ~are pr .p i ed co.en Ahen the <sare noit soirted in the a- and h.- order I le first

:s shc rr.,rg-! a e A~here h 0, () > 0 (1 i I .... he second c:ase is the ltI''i

i t,. A~ ee i a h- A. andI tir eaJ h i. a, A ,r h'=i We as-ume the s s:ire in sorted

..........................................



LemmA 5 Determining whether two arbitrary %egments s, trom ai ,-t ot input Sevicrtt

lorm a siiii~pair requires Nn log n) steps it the s are not Stirted in the a, -mk 1r ,

oirder

Pr'? f First wec prose that, if in algorithins d of ordcr KOt n It-- n)~ cxitudk for :i

t L ~.Ihen t he problem I Ictelrmrnimt, wlither

n in ter. a ir pi~i t o , escral ! icint intervals ) :o~L! i',o h,- ,ol ed :n the .,n 1 :71t:

I:; esun i ct: o: n interal, la,.hj assiken t,, each of rhcrn a raindom coordinat: %saluc

i-,. inerp'me! themr aS %ertic:a: Nc-mcnt Then comnpute the maximum value v of iii a,1.

1 :1 rmmL; -. ~ \ G .C% f a3 a ndJ t he rr n .rn i - a nd mammv,,,ueS x, I If x

V: -:S :,in !c ,>ic :n ()irn; time iLectimC x x,, - I. X,,,,, 4 x - create two new"

- mrr ~ .. repe~nte h the tripics l-. n,~r) '.~~nI n co n,,, lhc

Se '~ . . ~~ form sihii. pair if .ndf ,nln. if

n )t in inter'. a! ioih .A( ctuld he plIto S t- det-rnilne .Iii et~cn-

tfinN ia. e urin pro e:n for I I1 wh.t.e this Liier prohlern rcqaitte

" n ni !,,er)% -i, (,A i n Apr ri x i c na e hzii .,d C-imit cxist

F7

I ci e ii awt C~iif 'r'. h in !he k- or h Toder enable-," ii to ',olxe the

o.1ihihty. prolhiemn -t % and s it.In-- than Oin 14w n) time Srtine in the x, - o)rder w,)ild ri-t

Fe p. hec JuSe t11e lltl) tOl rC'.anI~ IS to) hnJ He sc--mentk %%hom: \-t.X)ordinajtcS all in thc

.rvr\al X xl. skhiten tcan alwasN he determined in linear trine '),rrini: in the a, - orh

');der on the oither hand. make-, the problem solvable in time OW n, if we apply the fo,',lhwrne

procedure f assume x, < x,, and ihe s,'s are in sorted h, - order)

I %can Mh- %equence of all segments in order of increasing, %allues of h,. and extrac-t theI

iitdetcii illhCLI Uefle~. so (Iof t hose se gmrenI % w it h x, < x, < x .1< l < 1%.

7,-1



Prow' ( '..idc r the e xample in Fic F 4 he ik(i paw,' are~

I n). 1 1. 1.n-

L: v n . AA (L ~) .. . ; . h ' -C M , j r I' j~~ rtw n.~ to i;' L.n e m

Rcmrar \ cia

-k I -A r.: I 'L. it, 1 pr'nrltcrn irnp(;c' iv n~'iJ~ t.. ~ **

ind "1v o'w. ic jitcr tn the x-1\I'L :n We r c'> i. A'L

A no xt r(-% c i m c hi und f 'r the vi-Iibility prole m under the vo.'uTlpt tin thit the N'S'

ire 1! .j L in the x, sr''ler hut init in the a, - i)r h )rdr r We will irsi1 prn cs a Atri cr

%tilt shi t ;r,. 'ise'. 'i!%'. t o Artr irr se rits
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In t he se:cond pairit the paper. %e first assume t hat the s,'s are in sorted n ,- irdcr but not

2 s h. -r j r -'rdcr \\ C p c- Tht

Il' je i.a. 2 . r-, !W S.I:;;. ( ) !flTL NL'kLN to -tixe 2,e h A

~' 11 L'A - . :

43o7

* 17:1 z ~ - -, 4

,f th i:2k-f Pr''it 2 t -'U 1, .i 2

it f i .k (

n in d Nil h I! "k s . :a:tftTc '! t



r~lki C L N '' Jillm ' r in cri trW pa \d iflU nt r i in i arc i .NyfC su i t-.

... 4. I .,I'r

4A. 'TF ' 1 i- t vlc~. ,c F

t' r" i un' ir

iI n f .4t: -a N P-c .jicc F'f Nh 'N reKi

"'.~~~ '>., a- 4 JI '< -. i n J'itcrrninmni. h)' aiiiit l.ny uis pair i41 .4K'!CFI

.t~4..I~C n.~ , ni ii.. (n hi y.c, hcthcr :it: % , are in '4 rJ -~- i n-



LrbIc I\lu! \s'.tt:n Is ITI at(1lr0cd cLic',n tobI lo o~11Z ut the tna~t~s kut a VLSI

In i l shi' :1,u . C u[ vc ile ts ',uLh a is~n' c. n-t, ts k tapas. ii 'r'. ctt: %4InI h a ire -

m . at) r, Ip-Cd i sp t:" v i ir r ep ; i I t' c d hy the r r c p c c '. i e I i -,ph i Nyrn ho k

L :I " IIj -k ,'L,.8 n,, ', d a 'i res I, c.rt o Y m ) w.. '. rep r e'.n t cd hv,., le I r CeCn t C.

'L ct. N~c :hc ~ h tr Atccr:. .:.the [,INuc ;Q:7e, :i !e

g ~ . -:.".4 ec . :rr,..r :. .It~c~ ~l~lt heeI Kpe iA \:IhoIs .i \ 1N lNO

V 11 6. . r v.r t: uh . :r7~i J-,- d "Ir.t~, ' :t'I 1n wVi

I nc~ r ,INrteiChIte i 'ick thc Cilcui II met .ffiF\as

:,r-:7tN t , :t. :,x u~ At 2', elAN To

L ' .. 11 .isou S a - rL a

'IC~~ 1 ti Il.. 'icj t nn p I .'r r h

hf t.I I " IC!1 n -1 1 sr(i::ur f I,' n2 d: -1 't- mt i o is irer h i L o:n

1PI"I Che 2111C .is *;.:Al ex I le. Iii1.OI kitct i l thne ''mlIeh.

-r~it r , lfo.? ;W . f11 .III I 1)t IcIIflt 1 k t. . S r C.( in .. hei d isi

7. % , r),~, 2t~ ci .c.I~. piv'

Li;. LIL '.5 ( LLLaLIII, .l,"-It , t A



A VISIBILITY PROBLEM IN VLSI LAYOUT COMPACTION

VI~ J ~ ~ I I I, L"I nnIffi- '. 1) 1 LLC ". 1'1, C K \ l

k 'tot' di scicnic ocii nformi in,t. I r r\,it.i di PIs,,. (ui. pw

IB .2 fliI 1i 7 h;' .1 L Ir FCN i" 'j.\; 2 t I in .I t '

(~ r ,7if 7 c rs 71Lr N a

Fi~r .' .,- ~c * ~ :n ~ '.~.n n~ nrr'c.t ,r.,, 'it:

:...................................................n 7""4Ali:

I ~ ~ ~ ~ ~ ~ J L- r c ..'i x~.n ic ri i~rL : .\Lr..........

................................. n. c..v.. .. * .r.. .



* *I! . ~ L .~..* * * * * ugpw,.-~-~-.~ru .- ~-----...--.---.

0

E.

a
C/2

4 x x
_____ La

-N 3

-2 - ..- 4

II
'-I

* a

> 0
- ~.1

* I* r'.

I

* cu~

"~ 'IiIi I-I E



STRUCTURED TYPE

SCALAR VECTOR MATRIX TENSOR

DIMENSION 0 nl fl.n2 .. n

RANK 0 12m

Fig. 4 Dimension and Rank of Structured Types.



OBJECT

0# DESCRIPTION

F ACE

F#FACE-O# COLOR

RING

R# RING-F#

EDGE

E# START-V# END-V# LEFT-RN RIGHT-R#

VERTEX

V# 1X-COORDINATE Y-COORDINATE Z-COORDINATE

Fig. 3: Conceptual Scheme of the BR-Approach.
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OBJECT

0# DESCRIPTION

PART

P# PART-O# MATERIAL GENERIC-TYPE

to TRANSFORMED-PART

PM MOVED-PM PARAM1 PARAM2 PARAM3 MOTION

PRIMITIVE-PART

P# X-LOCATION V-LOCATION Z-LOCATION GENERIC-TYPEi

CUBE CONE CYLINDER SPHERE

COMBINED-PART

P# FIRST-PM !SECOND-P# OPERATION

Fig. 2: Conceptual Scheme of the CSG-Approach.
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Note that a( .in time during the algorithm. all the segments to the left of s, are at least as tall

as 11

SLPpOSW I <I < <im for some m> 1 are deleted durin): one execution ot the interior of

:',t. ,utcr s hiue ,oop Ih1 Ln.

Ii a >a. =a = I .<

"} ' = i fol all k, I <k < in -

I) = i for all k. 2<k<m

Lemma 6 .\,,,urn <j ]hen and I ,-cc c h )iher if ind r .ind I ,c.m aJiacnt in

Prf (Suff:c'L: ncs .)

lsupm ', N',:.'*, e ]hen . <m1n(a..a f lo l , K. 1< -< J. i anJ j do :,t

in ',A hen terc murst he some cs eme nt betwccn th: .- . , !<k<1 v, hi h is n,1t

dclC'e d hb fore C:t' r ! 0r

If 1 and r rC dIL t d at the ,ame tim., then hv I) 7i =a. and hy 2) ind 31 k mut a , h

c.,CC, . tho ucir th:n i. = a, = a,. sh-ch is not possi h1,i .

If i and j ar, mrt dlcted at the same tame,. then ct k he ' ,c se .nnt tAtCNt 1 , .

-. h .t:r t ne is deleted 'r,,t, at the time of this deletion. [ tie1 ,. c I a I )1 huilght i,! hi',

,,c.-mis-lt. ,n. > m r (a,.i %,khlch is not possi be

,\'sume I ard becom, Ad,:crn in r hut do not see each ,th, r Ihr ther, c\its K .K

+uh that a ,> min tla..J

Caw /. a, < a

Let k he the closest sement to i. such that i<k(j and a, a,. Such a k must . xst if

dos not see j. In this case all %e-,ments between a and k are shorter than i and k. so k will najt

he deleted until it becomes adjacent to i. But then since ak > a,. k wall he deleted at the ,ame

tamc or alter i. and ,ill ne,.er hecome adjacent to j

- .-. .
.

i-1. .. . . . . . . . . . . . . % ...............



Cuse 2. a,>a,.

hc (Ic ICt-d hcto, .;nd cL M' inId ann1 lI ', heconcl ad .cc t to) L in

a I.
\~~ C\..'.C'' Lu-tr ~ 1 L:Crur s t. kin ic . hr ,= Ii4. -

I I ! n,:~ .' iai Y, a. = m.' I~.~<~ Sc Y )i~ i n\ I:fl r ct

j f.~~:i-iA .~ C' a Ccm'I s~ r~ rt~ t C J~ I.

i i I2~.. T lit ir.2in. rcv, N& 0!~ P C n J2U L I 

r.1C hc~i 1 h c fi i ni2.! pr p r I r.'l:L .iI

Is ~ r I lid rv,!d.c r J nv li I w-/ ta; I itc Is. it C CI- t L f.

t, c ic~c:: nt anJ~ su.I ht-n vihcr ni cm:!

K i r hv .i. vm Kr i uh i ;,.

rliv P22,! ~ u~: .* ~.,Ih) for Wi j.. i sTh 1i 0 'h -N uJJ) "

3 A ir = 0 1 C . rc in sourted x,-urder. ISc- Fq, 71

Ihe st'.c ' r 1. 1u n . cI hc e a r aI cd Inlto % 1. Is t. a Ind B, %vhjI h are dtuhl\

I In k cd unC I r n nA ni~ fl nl~jJl cr -a s r~e i ! I is :hi initial e&crnrm 4 V H, is the

-, .r.6! . aim.e
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initial elemecnt of B3 T conlsists of those segments with a, A - and B3 consists of those

'c2Ments Ai th hb 0 Note that a segme'nt % ith a, A and h,= 0 can he in cithcr list. but

%%.1c h sSuiticd to he in only (Ine,

I he WeLor i hrm- fr thii case is do ided jnua two phast s Durin2 tOw first p~h.tsc thec

''''~ rtoe ~emcltsof F vil; he oht.1ined. This is accornphshd -,s in the rotdc.,e.

!.r:.er -7- t ich the ist of the_ F wLments anti dclctini. the !cft '~l:l\:t

K.'~~~ -rc s.,ct.I se~ircts is arn .psidc dowkn rooted case I-v~e r rrtg iii

.ii 6 J-1'crun! ,:nc the 11 sectiets mray atfect the slsihilit\ of T eret

Tl~ 1, sii c'a\a~ suffieiert coflditiofl tor !wo T-scerrieni*s t ee tcf

-- ~~~ *... <k. <he !'as ik <~ Z\'-

L.. ',c : ' I~ ar -d Ihc~l ne ;tdhic:-. after the a, t 11i. -2i 3

.. ;d te te'. ~-v zien. .A -I has a < t, .1

PC ' .. ;> IL P. %eere ts Clur n 1e thu ;luirit h nt. the hei ch t of t he i j lc st1B- sciemen

zn( ;s .c rt .,r cLh R P( i A ilic dnote the hc:ic:t -,I this, 1-scernent

\di't'al ~t.rm~inis retaxicL. 'or usc in the second Fhase rhis informnationr conifItS

t! e.' 7SC'-c~d 1-scemefl it ttp{(:f an,,) This iniorniatin i ,t(rtd in :hc

.rF.1 'v T R, inJ T I

*\siir' 15' hrrr' ~~rei:~s inJ s h . en added to the T i~t 1)e!Inu i h

BiE-'e.tmcni a,. n2

Phs'w One

i i's the punier for the T-list

is the poi nier for Ihe 3-linst.

Preproe%

-0: J-11,

.........................................................................
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Do %khikQiv ~n+1

I J)

II ~ ~ ~ hr NI R hn1.pt

ft V '

IN I Ic

I f R1C b ) rb, R,~ P po rt Cj. n i
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%,[ dc s~ C I d 'r l t .1i n d 's a .re k n o %k, then Ic t ird ith., c .n .

.'rC , \ f cclwiduc zi, lor ;hc -,oo d !:,,t I. h It 1 ;)te

I'-) t' P %.\C.fl eh. miH.~cd j i -'C horinia! sin d.Ile ' -2.: B-Nct:2. :11

I K~~~~ '. .. e~ rh 11 ': L..c I:'n X*cm fm !C I. ' .22J 2I

-r- [h . L tii thel iI~ i.cei l h .f V *i.. R

* ~ ~ ~ ~ ~ h *c' '. it ic m~c!ht:~ :i~ . .c *.m... i

: T1 n t,,1r h 3i~ C hI ( t, ner . 2

*~~~ J .r .n I -,~e m ik mm ;L~. IT;r C I I 7 n 0

-~ ~ ~~~ 1) H ~.. .\. r-': h prt: 1;. i ,t L .mn:' hc-,:; .'l:

of AP(I

hi' i -,ckmrIn %%ih .j > i) 1% :n,>umtitcrcid in the left-rr-rm t inm' w hji. c 22

tI hf ' vio ', !ikt, Ir .in nei F r itr thc dc f'22 in ri R ~
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thit b. <"'< <b! So 'A el ;Cv tlt is %cen, %%e simply' sclt .\)(I to jfor all InII

I u thi h I i Thi, I d ne t'v s, ;minnC thc list[ h .b,. h ;n that order un'.0

h >a. . I t c... 1! st l it or th list, I , c~ exh mdic d I ho'I. it .INs tnwoier't %k ha% c .1 list ~

L:.1 C U.~ Vl c~ Ir U tI;,. d n d whs I KNchs c~ i n ,trict1% ire~n order

1 Ji TX r,. 1\ N 'i ,f AcL siipl% cornipire itsi- %%e ~ith ,Ihc b-%a1,i : of the tir-t

I . erdttr '.\ji) i ,o'd . . ' cc !~I!

*x.J~ o .'.* \FR.~e ~ e ~e! J heN.lu s..sALe't

* FR i:.tt rsrtn-:ri' ltr'~te~ ra

R 4~'e 1-

hI ~ L I. L!~ tn. c In n, I>,.,L Ct .t %k I

rl t. 4 I sn: o It hN i 'hr ;ii i f T -s c mt t i Irid v-. ' ! h rL'c nrh

:1, .n

pha.. I~4
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ror i hs ;wIgor: h rn it i, auincd that ili i,, is in the ordc rm ne of 11- and 1--sgnie t- n N

ind h, cklccti ck in incrcaiiig orde r 'dich t

I' ;Ind amrc roth I-seinm nt,, -with h h ~ i . I,, to t pi,.ht of th r
- k

If - ;- - lr K th 13-sc-,rn-rnt, v\ith 1 = a r~C Is !:h ttL

If s 1B s t ar~d 1i, .3 1 -1Ccrn(ni .1c~~h! z h. tCr I . I.

V. i~~cr~ ~rccj' B-'L-CW ;n~c' *,he ordc:rmri. %hcn !heif .- .:nd a-v-Luc . j

in,: \PI ~: :nd .i*-\P :sri nd JL!Iion -c:i~ 1' .)n \I'II

I .~-> ~T tic n \i,

i =B~n 4-.AP 1-

I. c

A P

I f k -n 'hen i-o\PI..

Do while bh #A+ I

A P-1
I ndoh.c
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fi

U- nd\% hile

.*\P(j i, thie position !hat I,, idIJatek to the ri,-hi of the T-seentent when jI

,,,.er cd . ,hc t L her.If .XPij) =( then j is to be inserted into the rightmnost position of

:tic . I" t IncZ~ B -.,c ~mcnts in iceI .t x,-olrder and ma~.intain it a%

a W1:~L:h!. >~e

I)" eke VaIULe -a. fl

D9 ~s~e 1.-2~ =I rnd h, = Value

*~.,~JV~i I:~'Act,(,t the left of *P

.,e: .t Ohe end otL

I' . I B hen RCPo~t (I. nli,) fl

If [,c~ , =B i~nJ \UI1 (i., )=() then Rcpor: Qi,)I

V ~ v~~th~eRc-,.rtl

J! J,: I ' ~ r

Un(Iw hire

Double Comb "iwhout ii ir h, %ortings



718

F or .i se,.rncoL. , the sect of %isihle seginri. i (i.jt or (ji) is a %i,,iiht% pair ,

!hr~* sc o f Mqc0 deN N1hh b~ecome i.i -cni to n-kc i thc ist Ionuutp dir1ie. the "..ar

It t-~ hb cdtcrinine thcse ,c~mcnts \kithout .(ta~ rrtethe 1:1do thus

.~ h L0i1111 t'I . Ia l" ' OrTIT1leN'

= . 0 ~IN~%is!it\, ;par and j>i!~ ~~tA .,~ .-

A C 1r c' N. (.er~ I Rn G ac rm L r t) N

IN L INe Io %. t 11.1 c,- in c B-~ n t n 3 aL n:,, r I r ti c c.

N'Cnat I I Ji TrmI

1. ~ .h h.t a -Necmet sth i<q n,! :I < a i

I*, n 't 1 ia < .1 for !!II l<j<k and if s. a B -cpci q;h -i

i I .nAu0.N hk. the: last c :m an i: J2'c t ~~
c ctCl. - e mem,, A.,oLd set: if tlec x,--rc II k-vr~n

I It:.' 1i :.17 ht. deeri;cd r all B-sccnnt h\. al:plii 1~ 7 ja~Ar

A. hit wnn ithef T-.secnnR

<p r A and ifFN -se-arnenl such ihat p :1p

a.ht- e~I: ,) !here arc no T.-searr t ! he rituht )f ~ ,. ,

* . . \ s 1() cnnOiN's , exactly 'v ,Nc F-s .c1nf 4.'

oh! vhr .~r, no oIit her 1-s.czmekn s t o h I 'cK* s . , [I

i k I'l Cani he detv r tic J ~ ftl m!e, I1 n

T r -!r .A i)t iiht mdj hjihia when tiMtl If thw t\\() ;ite~ t,:r c

%1 Il'n (.1 Ile'rtoi The de'chritio-n hclow gs the first pair of sveamal-its. 'f roti.

~ hr !~.t ~ N i, i(n~tf On it-, right.

Df-t h sJih th.;t I g Sk. I <rcm Ind i 'ht. and il p,<:q then 1)

O 4 ". xn) h, > a
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ad ht'z. n lo -0 t b, 03d n<q then hle v .

If u~h.1 ~r .~ \\'V.. then

4p.
= 1. ~ .: .~ 2 .t n,, t is -:.cr 0that : an he kundc

I 212 B~u.nc ,J;. 0 : na th nuber4 semet~ xammnC6 1-s n-

22.22. ~L it. .~hif a (nfl\.. t. F\a1 Iv he -,arc conlcept

2':>. ~ ~ n 2 :I- m W b1 e eo a bnief de,c riptlon o~f theI

1 .r .''~':2 ~ cnR- and -ein N c ihat we should not Compute

h 1 I >'-. - . ~ \C1Cl.*~~ t~i, mie i!Jkcri ma'. tbe 7-mkrc 'hi:

.2.: ~ Ic:.J r .:oi-.putme R\'i) for afll ix p.ro p rt''i "0

.2 ~. . In .al num'er . B- and T-sec It.,, cxaflnifle(t

2 -. .- 2.f-~1:ctxin sorled \-,r !er froim ri-ht LI r[ Dunn

7- .->. t ... I ,h a >. > >a, 'hefln t

fmix dir Io:V Wn>H mc:n dc :\n

1 2. .:;'er~i !h .1s I V thc' a fj.. :' n

jppc~5a2, ndL I C. iP

'c:; 'FI 'Ai: n cral pr(.hlirn .ind1 pr ,p'.L a rciliit d . . !t2i. dc it i (

'U ~.1.2.1'.t7c~il25 ien olke~ cach I-%-t Lomhn casc t-;,mrately and

C'lhi': Ottw r',Ultx 2chr Ib ipceA;,orithm tIkcN !mv Ut Ni. %xhre i, t he total

im t:r f 'c rn~nr .:r
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If N dc !c rni!:u d t, hc 'ni.i 1 c nouIh, zhc n dIhe proh;vni .I n he easil\ d I i led into dnub, e

'":h)L tlh rln , *~uti~ (, 1; and It C1(I)s. The ,,uhrrohlern%~ vil he numphtred frm

2'. 2t ... uh2rrohicir must 1, providcd \;ith w,' I arnd 13 iI'.t ,:gcencnt,, in 'oilcd

I l.': t~.:'. - .lti~e;n i me 'ci .fthe sn~r ct ot N, ~:e . i -

Itt ~ ~ ~ ~ ~ n C2. Ith ~I.:.;r pr r'% )c twkcf L, n n L n ~i

'A ' %%. 1:i.n: 1) ~:u I so r IIne ma he N e tido bie th e u hpr oh cmivs

.2 -. tr% to ; ;r'v d s- ttifli . h . b:I tv ar us he tAken t

.11 2. ~ '' - ''. ~ b ~ Al arc-,1 mad'. , he J oihle iont2 atirlti)

I2 hu,:k.'t sort o rder all endpint. 'it c~UUai v-,o.ordinate-' h'.

I .. W....'I'.f t ll h of .I %c-'n ctf,c inS .1 he

A* 11: 1 1.: the h~: ' t-,. !2tC\

~~...," I, ~o ' .it , *cj tir-.n ra> -ih of:i'c n.tei

17: 11:ri' n *' i c .i I s u a''- hi r. jf In, v p

n t'~ld (,. ~ .-. lttn < 2n

n i - ri :, t

N i.. ;ri . iK. " ~ 1'li, tln t s T. hen i s at mosit )> n since ceach

niet .jflh- ut up i nt,) at rnP..! -t. pii:.cs

II h2 ,rtpj A 2n'rnlt sa', hounded y C, then N I% at most I(+ 1In eI.

Iii *f I .h'.-r III~eti I ' j-, cr'.I ,tiois onto the - .is drpi t hit, all cont.1ined in

.~~~~~~~* . ..... .
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that of a semet. -' de fifled it) be the containment 1.nhbi Of (lerk ik I .s I t hi

fi~ ided into more pi ,shan it,, conta inment numtber rplusoe

Pihre are UnlirtUnate''. v xamip~e'. in %4hich N can he(1c -) as illustiated in the cxaniip-e -1

fi- s. %%here !he-r, arc i loni: se.'mc-nts Ind n 2 short I~mns F i." htort sc,mc k!

ric Ji% c~ i , r,:t tw.%o hi. 'i, oritc n- in to in 2 + I Pic ta ii ii :i -

lh- de -r-h; 'rcientcd iithbcinnicL of -,-cito ta Lke, (in)l

"I h.. c ''Q t r: it~ t (tiec \C '.:iue of N i f ' s p\)c i'; mon ut hticre c tX

,unnc ttw h, U uoh'' INrm' out to bse larixv '. are tha21 n le:.te '~

ffn.:'. .srt: ueIcII n) timec ale-oritim liste ad

C .. :'i.c rithin !s Ceul rtrn the aLrttn ei' ul:e sIipie

may 'tef -. s(tr ,. rta .'' I o a list Flj.: '.ortini the Ix .lni am!

* ~ ~ ~ ~ I 
1*'c. '1' r*tn r- T~.' r.

Pie .icm.rts,:1 hL -:,:nc(! Ii' de..re,..:ni: '.-ci-inatc. j itK K'irri

-5 r r 2r~~r 1! S-./t J;a ::n c AI! I -, ken pt In id er :o i necrt a ne %k sCt' l Ct

7 . 1i .:vJ Fn r,~ .i,' hise .n inp ! Lind ol each% eo .i ~ i

c;. 1 il 1. (1,: in : i ,: it e t ht-!~ :t. ia r,

'~tr B-C aLm~i.~e ', tree, uojna the nt mn 'rdcered ')v x. s -c

Step 2 ons;Jcr %a1 
S.ich . either a h or an a.

Step 2. 1 V-or eac:h a

f id .a nemi:ihir in the list andi 'f~is . h,, starting at Iin the tree anld usinL th, CMPIr.

fit ,:s t find a3 rciLh hor ROC eerI", em'Pt'. flagV, and the empty Ifn~ ! he' 2d .:'N

hs-twen -and the root

Step 2.2 For each a -\,, report .Iihilltv pairs %kith it% ncichhors in the list

,-)tp 2.3 For each h,-% report -.siilitv pairs of it,. neighhor'.. if neither neichhor his h '
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Delcie ifrom the list, Sc Cs empty flag and if both edges from i(below) are empty.

axeI :ni 1 to ihe ri ot . se tting em pty flags until eithe r a non-empty node (if anf

q(,rn 'i temzpt% v d c i,, encountered.

Ro;%e.it uttid all 1),ncn> i%, h een inserted and deleted.

(onclu~itn%

rj _-. A 2 u cC .1 % Ilhi zt> probiem aurisimn troml VLSI lai ~out compaction

* mplc..: ~ ~ ' Kn~.fLZnedLI As'sumi n- the in put hemne ',or tcd in their x-

- .*T~' ~ s~ '"ri mt ier:h2 for .v)\special ands presented

i2: m 'c:ce.l:r'en xhose :iieciplx was hincar in the numbvir

*~ L., ne:.. a'*.' 1.21 1 1'cec .si: t, pro ble m c.in Ic '.ed jn inur, a r



Appendix 1. Proof of Lemma 5

prcr'l pr hii' re ljted Lo the union of k-JimenNio'n1 illtr\als hj .cee rrJIO

cor '~t~irojl cc e t Ihe original forn-ulations %:an be found :n In ;,articuli. r

iK'cc pos,, OU heu.estwn %hict her the me asure (if U a .,vi he li.,und in !Lcs than lit :i

-1 2 :s I: \i ccaearLe ke'qIeslt'-' %kI p'r0\ le h'x Vlc,- ,n! 1A1d \\n l

'I McU i1 the me-asurc pro blern !eeve .c2t 1,e !1 't LutJcr

1.c ~2fl I'C :na: mo i % sc~h Linear (7 pat--ec\ ~i In 1) (.1

a ... rI ici 0. nc~cd .lith -i hr.ear- function of the pc..'tn:co;eJ

*~~~~1 L!. .' n n e ,iluc %of this funcro ndue .- ":hr otv

of r 0), -F ), Is Idhen o, !he , cr se :: .:

~ .dn1c~ih ,t si.Jbelei %%tzh '\es" or "no ' n tea.d 1) 2I ton ti.'

.. .n . ).ns'dc r ?h,- (C)\IJ"\(j TN Jeciontn cr0-: :)r :'0

J. ;,I .0l i in ,ntcrsal. or s I hts iT):,,~ ~ r. 0

MP \c \i'~ .. n t c tr~cal, ~U.t~in litti lo, n) steps., 11% ri the' '. ' .C

* 6 . tldft t'e i~r,-v-l union bv tiddinc. oneitttrx it i I

- .. .. tt . pinlen a~tallvrequire.' in loin n)Isc\ o r''. ne

:nL. rnin theoremn if 10]1

L, m (i ,P. I c~' teqires I2 ic log I" steps in D I IC oe

t. ~ Y in ' in a- 4 h n iniput itcr'. . hte tre..1eiI a,, naoz-,~0.

"I"' 2, esthcttcii a one--to-one correspondencec hct'.%een IrL ' .

I' . ,i I" P irrace the sanie pith in mi 1 ) FUii cevom- A

I'\ I ; 'ss .. it rc snt e and reCVIseC the Same., ;rls%'sr se,, i

'TILrI!: ..U'.nL y define a ones.c rcton F in the pr.ic F s -

to c ' '. r att  :I,,- pints of !hc .IttiC , ltr' 'nment V: zi''

-A ar .i* s kc r f ront ' v .i I4ri t hi

ri itsidcr w i-n n nter'.a 1, lIjI 1 1.2!. .1 = n I .n. 'Fllre orr :i -I

'r~tiaton -.- .~,.of such intervjls. such that -,(I) - 1for ail Fi Wili is. hex

fiYrst :!L r%.i? t% a wc s the first pw 'iton) I. Fath of the abo'.c pernru at ions 7, t,)cp il
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n/2 LONG SEGMENTS

-Y
n/2 SHORT SEGMENTS

Fig. 8. Number of final segments is 0(nZ)
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EXAMPLE DOUBLE COMB CASE (b),WITHOUT SORTING

2 23456 910 12 14 17 18 1 ,

H -.-I -12

9 I. E

7

5 ,I

4

i ,7 ,9'1 ;.3 it 16.

GENEA7 EE.

T( )- 3,55" RV : -

,T(7;) = ii] { )- R'V : (7) , ,

ST( )

B~i 13,:5, 6j T01I) = P q V! : ? .- ,

7 7(13)

Fr 1) s1) PRV(.5) ~

el,) T06) = 171 R', 6 e, 4 7'i-

F 1- 7 (Pirt 3) I),ouhl comb .:c (\ lhu)u %,.rlf'.2")

I'

I!

| "I
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PROCESSING P'1ASE ITWC (WITH !-Q~jI2&1 Y -SEGMENTrS ARE SLUARE NtQ'E3

INITIAL LIST (TME LINI'S ARE 14CT SHOZWN) REPORTS

J0 003

r"3

N-- m * 14 c

4 2

Fi:, 7 ( Part 2). Double comh case 1with sorfin2
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EXAMPLE DOUBLE COMB CASE (rjWITH SORTING

2 3 4 5 6 9 10 12 14 17 18 19 20

10 1

.9

8

go 3
2I

I7 eif 13 15 16

~A3 _~ 2 ~ : (2, 3)(34)(4,5) (5,6) (6,9) (9, f0) (t 0, (2) (12,; 4) (14,17)
(7, ;8) (18, 1 S) (3, 5) (5, 10) (2.17), (17,19 1, (1 2 0)

VT, ',"R INFORMATION

AP',% OBTAINED DURING
7-T SESMENT ~'L VTR PHASE TWO 5 UPDATES

2 C 3 3
- 5

5

94 10 10

o 0 16
;2 0 0 16

4 i2 !7 17

7 0 20

- 8 17 19 19

91 17 20 2

(i'aI ) f)ihlcumrca',c I" ith 'rtg
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U

ORIGINAL SEGMENTS

is

U

I I L
EXTEN;D!NC THE SEGMENTS
DOWN WAP""

I U

L
EXT-ENDING THE SEGMENTS

UPWARDS

Fi4.~ Ilbe w~crlapping case

.....................................................
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n

n-l

..\ n xi rn plc to jlIi tc 1.. nrni I

4I S 53

S4

S6

T!VE 7H:CU3H LISTC
THE CUTER 8EFOP,- BEFORE SEGMENT(S) VISBLITIES

4"wF *,Xcp E xrCT EXECUTION DE LET ED REPCRTEZD

2 C0 7 2(.).(.1

3 r ~ g 6 56, 67

3 S4 (3. 4), (4, 81

6 ~ 53 O,3)3, 9)

STOP -0

VISIBILITY LISTS

V(Z) - 1,2,3 V(S) - 6,7,4
V(I ) * 0,2 V(I6) - 5.7

V(2) - 1,0,3 V(T 71 -Sia5

V(3) -2,4,8.0,9 V(S) - 7,4,3,9
V(4) *5.3.8 V(9) -6,3

F .~~ iirnpc ' i:~ r~tcd a2.
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d 12  d2-3
S, I

Fi Disniance betvsccn ce-mcrncnta

5, S)

* rb

S,

Fig. 3. Illu%tration for the proof of Lemma 2
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an ordered set of intersals, hence to a point P, and all these points receise answer "yes. in

DTILC. because U 1. is clearly an inteisal. We pro~v no% that no pair PP, of such points Ca1n

tr.acc the same Pathi in DTI.C. In fact, if this were the caise, each Point P on PYP would

recci~e answer %es". It is, straightforward to note that an%, such point P corresponds to an

ordered sct of inwer'als of unit Ir 'gthl Howce er, if r>1I is the smallest indexc value for which

I .ik (k == r<s. for sonic k, as sooin as a point P stari, sliding frorn P, io PC :he

untin if ;tc intei~jl 1 f P h~c .iks up into two interxals. :iround the ctiordinaii %alut: r- I

livrncc. there is at least one pjoint 1) on P P, whose answcr must hc o.a:intthe h\ pothc-

0I'l. tha is P, and P, must c.orrespvnd ro different leaves.

'A" 'onj!ude Otho DL C mnust ha\-e at least (n-I) distinct leass that is, its depth is ! In

n

1 1: .ah(os e F -ei ke' "Ise ii. st~gme nt' of equal ilitli. There fore, it dlso proves t hit

C1 AlP \Ur Es's rc,-,,.ns o ~2 (n loi n)l in the restricted case a, b- I c. 1 <n (i.e., all

h: r ; 'a ic the~ f1 lk-iith I



1&2 (13I4

r11(A uB) -~H 0 (A n B) -*H 0 (A)GDH 0(B) --+ H0(A UB)-

0boundary z vldz
configurations



Stereophenomenology

stereo - solid

phenomenology
- theory of representation

Representing, manipulating and
reasoning about physical objects
electronically.

.........

-" ...... " """ " ".....ad............."......" l' i''i """'=



What does science include?

representation of objects
surfaces and solids
functional dependency
hierarchical view
abstract models - features, etc
generic objects
internal structure
flexible and nonrigid objects

algorithms
display
intersection
motion planning

ser in terraces
i: editing

interactive graphics
attribute grammars - simplifying local changes

reasoning about objects
grip positions

external forces
D. sh ape

design for function

manipulation
gripping strategies
object motion

'. .
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pipe(radius, thickness, length) (cyll - cyl2,) nl in fl11 where
begrin

cyll ycyjlinder(radius-ithicknes,;s);:
r!112 yrylindcr(radius);
IN1 {y > O};
1120 {y < lcngth};
top (Cl - ny, fl {y z=eingtlh}I;
bottom (cyli - cy2) fl Iy Y=o

outside cyli.surface fl 1m n 112;
top.zn_e~dge top fl cyl,,
bO(torn.7*n..dgc : bottomn fl yl

end;

4 .tckr'f s

~~~~~, t . C ra iy tC. 1 rts ,lc t)
botori.=rrp/cboton

()Vidrl r, I.), := mo thl lcy2Aci, , hr

cl 3ot- zctridIPcrborI};

end;

OVOU~rl r..,,r,)) smoth~ol co n c'fl, rl) her

. .. o. . . . . .

...........................

. . . . . . . . . .. . . . . . . . . . . . . . . . . . .



x-slice(width) HlflH2 where
begin

H1:=fx 0>
H2: Ix -5 widthl;
left: Ix =f
rigrht:=Ix width}

end;

v-slicedlength) H1OH2 where
begin

H 1: ={y: >01};
H2: { y:5 length};
front: =H2;
ba-ck: Hi1

e nd;

z-slice(height) :~Hif2 where
begin

H1: ={z 0>
H2: = z :s height};
top: ~H1;

bottom: H2
end;

* cuboidlength, height, width)
x-slice(width fl y-slice(length) fl z-slice(height) where

* begin
front. ri ght-ed ge front n' top;
front.right.top-vertex :~front n right nl top

end;



vertex 1: (x-, y-, z-coordinate);

vertex8: (x-, y-, z-coordinate);

*edgel1: line(vertexl1, vertex2);

*edge 12: line(vertex7, vertexS);
"front- face:= patc h edgce 1, edg~e2, edge3, edge 4;-

right-face:=patch( edge4, edge 8. edge 10, edge 11 ;
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Comparison of techniques

abstract models versus solid models

solid models versus surface representations

polygonal patches versus bicubic patches
versus algebraic surfaces

numerical techniques versus symbolic

More general objects

nonrigid
plastic flowing into mold
sail

shape determined by external forces
coil spring

generic or parameterized objects

Design for functionality

can objects be represented by function
rather than shape and dimension

I.

~ .j*-KI~I:j-j



Theorem (simplest form). If there exists a motion
of two objects from an initial position where they
are in contact to a final position where they are in
contact then there exists a motion whereby the
objects remain in contact at all times.

,, Motion is continuous but point of contact is not.

Motivation

1. Trying to place problems in PSPACE-linkage

motion, block motion

2. Simple multiple object motion planning

3. Compliant motion

..-.

S. . . . o."
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HOW DO WE REPRESENT GENERIC OBJECTS? POSSIBLY

BY REPRESENTING ABSTRACT OBJECTS WkOSE POSITION, SIZE

AND SHAPE ARE INSTANTIATED ONLY WHEN SPECIFIC INSTANCE

NEEDED,

ALLOWS MOTION PLANNING AND OTHER ALGORITHMIC

TASKS TO BE CARRIED OUT FOR CLASSES OF OBJECTS RATHER

THAN INDIVIDUAL OBJECTS.

.. _. J ~x Y 0 ;:

AN OBJECT IS A PARAMETERIZFD MAP FROM A

CANONICAL REGION OF R3 TO R3

* .*******4******* ....
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MOTION IS A CONTINUOUS MAPPING FROM [0,1] TO

PARAMETER SPACE,

EXAMPLES

TRANSLATION

ROTATION

"ROWT H

CONI I NUOUS DEFORMAT ION

..... .. .. .. ../
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Lemma: Configuration space is path connected.

zk"
Lemma: H0 (S) -z if k path connected components

Lemma: H1 (S) - € if space contractible to a point

M-layer-Vetoris Theorem:

h, h9 ..

III(AUB) -- Ho(A nB)-- Ho(A)EDHo(B)

h3  h 4

H(AuB) U 0
is an exact sequence.

exact sequence imagc of h. = kernel of h+
0 i+ 1

.............. .......

. . . . . . . . . . . ..o ... .. . .



conditions for theorem to hold

1. Translation is needed in order that configuration
space object be path connected.

Alternative Lemma: There exists two paths,
one in free space, one in the configuration
space object.

2. Space must be contractible to a point.

S -.. I

p'o ... .. .. -,
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